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('OMPARISON  OF  THE  EFFECT  OF  HYPOPHVSEC TOMY 
AND  THYROXINE  ADMINISTRATION  ON  THYROID 
FUNCTION  IN  THE  RAT^ 

TAKASIH  VAMADA,^  SIHIU)  HNCP  and  MONTE  A.  OPEEP 

Dinnion  of  h'lidorrinologij,  Ih  portment  of  Medicine,  rniverxifu  of  Ort  qon 
MedienI  School,  1‘ortlnnd.  Oregon 

AHSTHAC'I' 

(’oniparisoii  was  luatlo  of  tlio  cliaiiffcs  in  various  tliyroiil  |Kirann‘ti‘rs  at 
(liffcri'iit  intorvals  following  tliyroxiiic  ailniinistratioii  and  liyptipliysci  toiny  in 
jidnlt  niiilt*  nits.  'I'licro  was  a  distiiift  temporal  ilifl’ertMiee  ainonn  tlie  re- 
s])onses  of  tlie  difft'rent  ])aranu“ters  to  tin*  acute  fall  in  tliyrotroiiin  levels  in- 
tlueeil  by  tliyroxine  atlininistration  or  liypophyseetoiny.  'I'lie  most  sensitive 
paraineti'r  was  thyroidal  release  of  radioioiline,  the  next  I''"  uptake  and  the 
least  sensitive,  thyroid  wei}>;ht.  Hypophyseetomy  anil  thyroxine  injection  pro- 
ilueeil  ni'arly  identical  etTeets  on  thyroiilal  1'"  uptake  anil  rehaise.  .\fter  thy¬ 
roxine  ailministration  a  rebound  iihi'iioinenon  was  observeil  in  both  I'-*'  uptake 
and  in  thyroid  weight,  but  it  was  not  observed  in  P'"  release.  Potassium  iodide, 
in  amounts  etpiivalent  to  tin*  doses  of  thyroxint',  deereaseil  thyroiilal  !'•*'  for 
a  short  period  but  had  litth-  effi'ct  on  thyroiil  weight.  Sham  hypoiihyseetomy 
resulted  in  ileertaised  P'*'  loss  from  the  thyroiil,  the  dejiiree  of  thyroidal  su])- 
pression  deiiendiii}!  upon  the  extent  of  surgically  indueed  jiituitary  trauma. 

IT  IS  well  estahlislied  that  the  retiiilation  of  thyroid  fiinetioii  is  almost 
wholly  dependent  upon  the  secretion  of  thyrotropin  from  the  pituitary 
{jland  (l-o).  The  administration  of  exofrenous  thyroid  hormone  causes  a 
decrease  in  the  secretion  of  TSll  (4,  o).  Conversely,  a  decrease  in  circulat¬ 
ing  thyroid  hormone,  such  as  that  produced  by  chronic  antithyroid  drufi; 
administration,  results  in  aufiimented  TSH  .secretion  (1,  0,  7).  The  mecha¬ 
nism  acting  to  thus  maintain  a  constant  level  of  thyroid  hormone  in  the 
blood  is  similar  to  other  .so-called  “.servo”  mechanisms  (2,  S). 

It  is  possible  that  factors  other  than  the  circulating  thyroxine  level  itself 
may  modulate  TSH  .secretion,  (loldberg  cl  al.  (17),  for  example,  found  that 
dinitrophenol  administration  as  well  as  other  experimental  conditions 
which  increase  body  temperature  would  produce  decreased  TSH  relea.se 
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associated  with  a  fall  in  protein-bound  iodine.  The  demonstrated  suppres¬ 
sion  of  TSn  release  by  systeinically  ineffective  amounts  of  thyroxine 
injected  directly  into  the  hypothalamus  or  pituitary  (13,  14)  indicates  that 
the  concentration  of  thyroid  hormone  reaching  the  receptor  area  must  still 
be  considered  an  important  regulatory  mechanism,  however.  The  level  of 
free  thyroxine,  rather  than  that  of  bound  hormone  as  reflected  by  the 
PBl,  is  probably  the  controlling  factor  (19). 

There  has  been  some  controversy  over  whether  the  suppression  of 
thyroid  function  caused  by  thyroxine  is  mediated  entirely  through  a 
decrease  in  hypophyseal  TSH  secretion  (9,  10),  or  whether  there  is  in  part 
a  direct  inhibitory  action  of  thyroxine  on  the  thyroid  gland  (11,  12).  Many 
previous  studies  have  been  made  of  the  effects  of  hypophysectomy  and 
thyroxine  administration  on  thyroid  function,  e.g.  (3,  5,  13,  IS,  20,  21,  22), 
but  a  detailed  comparison  of  the  changes  produced  in  various  thyroid 
parameters  at  different  intervals  following  thyroxine  administration  or 
hypophysectomy  has  not  been  reported. 

We  therefore  considered  it  of  interest  to  compare  the  effect  of  these  two 
procedures  on  thyroid  weight,  thyroidal  radioiodine  uptake,  and  thyroid 
hormone  secretion.  ■ 

MATERIALS  AND  METHODS 

Adult  mall'  Hultzman  rats  wi'rc  I'lnidoyod.  .\nimals  in  which  thyroid  sciTi'tion  was 
measured  weighed  200  to  2.50  grams;  all  others  weighed  100  to  130  grams.  All  the  rats 
were  fed  a  Remington  low  iodine  diet  beginning  si'ven  days  before  the  experiments  to  j 

jM'rmit  an  adeipiate  accumulation  of  radioiodine  by  the  thyroid.  Radioiodine  uptake  j 

was  studied  by  injecting  0.1  /xC.  of  carrier-frei'  I*”  intraperitoneally,  sacrificing  the 
animals  four  hours  later,  and  weighing  the  thyroids  on  a  torsion  balance  before  counting 
thi'in  in  a  well-tyi)e  scintillation  counter. 

Thyroid  hormone  secretion  was  measured  as  follows:  20  nC.  of  1'“*  were  injected  intra- 
IM'ritoneally;  beginning  24  hours  later,  30  mg.  of  iiropylthiouracil  in  10%  gum  acacia 
were  given  once  daily  subcutaneously  at  rotated  sites  to  block  thi*  reaccumulation  in 
the  thyroid  of  P’*  liberated  from  degradation  of  endogenously  labeled  thyroxine.  Counts 
oi’cr  the  thyroid  region  weri'  made  five  times  daily  with  an  externally  placed  scintillation 
counter  using  light  ethi'r  anesthesia.  Each  count  was  exiiressi'd  as  a  iiercent  of  the  initial 
thyroidal  ujRake  on  semilog  paper,  .\lthough  the  decline  in  thyroidal  radioactivity  thus 
measuri'd  may  reflect  a  loss  of  labeled  compounds  in  addition  to  thyroxine  and  tri¬ 
iodothyronine,  it  still  provides  a  useful  method  of  assessing  the  rate  of  thyroidal  secre¬ 
tion.  .\fter  a  straight  line  of  more  than  five  individual  iioints  had  been  obtained,  L- 
thyroxine  dissolved  in  0..5  ml.  i)hy.siological  saline  was  administered  intraperitoneally 
in  varying  concentrations  as  either  single  or  repeated  injections. 

Hyi)ophysectomy  was  performed  by  the  parajiharyngeal  routi*.  C’ompleteness  of 
hypophysectomy  was  checked  at  autop.sy  by  examination  of  the  sellar  region  under  a 
10  X  dissecting  scope.  .\11  animals  with  i)ituitary  remnants  exceiR  those  in  the  sham 
hyi)oi)hysectomy  group  were  di.scarded.  The  extent  of  pituitary  damage  i)roduc('d  by 
sham  hypophysectomy  was  studied  by  fixing  the  unroofed  skull  with  the  brain  intact 
in  10%  formalin  and  subseipiently  making  serial  sections  through  the  pituitary  region. 

The  degree  of  pituit.'iry  celi  damage  and  of  bleeding  into  the  pituitary  were  sejiarately  i 

assessed  in  each  sham  hypophysectomy  animal.  The  degri'e  and  duration  of  inhibition  i 
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Table  1.  Tuvk/hdai.  I‘'**-rei  ease  after  hypofh  yse<  tomy 

OR  THYROXINE  INJECTION 


Truatmunt 

No.  of 
animals 

T  1  2*  before 
op.  or  inj. 
(hours) 

T  1  2  during 
inhibition 
(hours) 

Time  of  onset , 
of  inliibition 
(hours)  1 

Duration  of 
inhibition  i 

(hotirs) 

Duration  of 
inhibition  after 
la.st  injection 
(hours) 

llypop!iys4M*loniy 

7 

i8.i»  (±2.:i)> 

aio.o  ( +  35.0)  1 

1.7  (+0.5)  ' 

Thyroxine  Inj. 
(onue  daily) 

Kh  xT 

1 

16.8(  +  2.») 

i 

'.)0.5(+ 10.0) 

1.8(  +  ().6) 

i  67.5(  +  15.0) 

2(1-,  XI 

la..')  ( +  0.4) 

‘  107. 5(+  8.7) 

1.5  (  +  0.2) 

1  57.5  (+  0.3) 

1  — 

1(1-,  X  ‘  i 

4 

20.5  (  +  a.O) 

!  140.3  (  +  15.5) 

1.4(+().l) 

j  117.3(  +  14.6) 

'  80.0  (  +  11. 3) 

10-,  X7 

,  a 

18.7  (±  1.0) 

'  182.0  (  + 14.0) 

1.8(±1.()) 

208.0  (+  8.7) 

1  75.0  (±  5.0) 

♦  T  1  2:  Hiolotiii'ul  Half  Lifo. 
'  Mc.aii  and  Standard  Error. 


of  thyroidal  secretion  were  similarly  sejiarately  assessed.  All  four  pariimeters  were 
frraded  from  0  to  +  +  +  and  tlu'  two  indices  of  |)ituitary  damaKi'  tot/ded  as  well  as  the 
two  indices  of  thyroidal  siiiipression.  ’Phese  values  wen*  then  plotted  for  ciieh  animal  to 
correlate  the  di'jiree  of  thyroidal  su|)pression  with  that  of  pituitary  damafie. 


RESULTS 

The  ejlhi  of  hj/pophusectomij  <nui  tlujroxinc  injection  on  tkijroidal  radioiodine 
n  plake 

After  hypopliysectoniy  radioiodine  uptake  decreased  rapidly  diiriiifi  the 
first  4S  hours  and  reached  a  plateau  l)y  tlie  fourth  postoperative  day  (Fig. 
1).  A  very  .similar  pattern  was  produced  by  the  daily  injection  of  o  Mg-  of 
thyroxine.  The  minimum  values  observed  on  the  .seventh  day  were  almost 
the  same  in  both  groups. 


Fig.  1.  C'omiiarison  of  thyroidal  uptake  afti'r  hypophyseetorny  or  the  daily 
administration  of  thyroxine.  Each  jioiiit  and  vertical  bar  represent  the  mean  and  stand¬ 
ard  error  for  five  to  eiffht  animals. 
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P'lG.  2.  Thyroidal  P’*  ndoaso  after  hypophyspctoiny. 


The  effect  of  Injpophijsectomy  and  thyroxine  administration  on  thyroid  hor¬ 
mone  secretion 

Tlie  re.sults  are  summarized  in  Taitle  1.  The  biological  half-life  of  the 
thyroidal  radioiodine  averaged  18.9  hours  before  hypophysectomy  and  310 
hours  postoperatively,  indicating  that  pituitary  ablation  produced  a 
marked  suppression  of  thyroid  .secretion  (Fig.  2).  The  average  latent  period 
before  the  onset  of  iidiibition  was  1.7  hours. 

Twenty-three  animals  were  subjected  to  “sham  hypophysectomy,” 
which  involved  several  increasingly  traumatic  approaches  to  the  pituitary 
gland  without  actually  removing  it.  In  (Jroup  1  only  the  outer  table  of  the 
basisphenoid  bone  was  removed  with  the  trephine.  In  (Iroup  2  both  tables 
were  removed,  exposing  the  pituitary  capsule.  In  Group  3  the  pituitary 
capsule  was  cut  without  attempting  to  damage  the  hypophysis  itself.  In 
Group  4  a  hooked  needle  was  twisted  in  the  .substance  of  the  pituitary 
gland  to  produce  hypophy.seal  damage.  The  biological  half-life  of  thyroidal 
radioiodine  preoperatively  in  these  animals  averaged  18.4  hours.  The 
majority  of  the  animals  in  the  last  three  sham  hypophysectomy  groups 
showed  diminished  thyroid  hormone  .secretion  (Fig.  3).  Only  when  surgery 
was  limited  to  removing  the  outer  table  of  bone  was  no  effect  produced. 
The  change  usually  appeared  within  o  to  12  hours  postoperatively  and 
lasted  for  approximately  one  day.  Histological  study  revealed  that  all 
animals  showing  decreased  secretion  had  varying  degrees  of  pituitar\' 
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Fig.  3.  Four  hours  after  openinp;  tlio  pituitary  capsule  in  a  sham  hypophyscctomy 
a  slight  suppression  of  thyroidal  s('eretion  ajipc'ared  which  lasted  for  about  lo  hours 


damage,  mainly  in  the  medial  portion  of  the  adenohypophysis.  The  extent 
of  pituitary  damage  could  not  be  correctly  assessed  by  the  amount  of 
hypophysial  trauma  estimated  at  the  time  of  operation  to  have  been 
produced  .surgically.  The  results  are  summarized  in  Figure  4. 

To  compare  the  effect  of  exogenous  thyroxine  with  hypophy.sectomy, 
rats  were  injected  with  graded  doses  of  T4  for  different  periods  of  time.  As 
seen  in  Table  1,  the  initial  biological  half-life  was  similar  to  that  of  the 
hypophysectomy  group.  The  latent  perio<l  following  thyroxine  injection 
before  thyroid  secretion  began  to  decrease  (Fig.  o)  was  indistinguishable 
from  that  following  hypophysectomy.  However,  the  decline  in  .secretion 
produced  by  10  or  20  jug  of  thyroxine  was  not  nearly  as  complete  as  that 
following  hypophysectomy.  The  duration  of  inhibition  following  a  .single 
injection  of  thyroxine  was  the  same  whether  10  or  20  jug  were  given.  .\1- 


TIME  IN  HOURS 


Fig.  o.  Throe  hours  after  the  intrai)eritoneal  injeetion  of  10  L-thyro.\iiie,  release  of 
thyroidal  I'”  was  suppressed  for  54  hours. 

thougli  repeated  daily  injections  of  thyroxine  caii.sed  a  period  of  inhibition 
(after  the  final  injection)  slightly  longer  than  that  following  a  single 
injection,  there  was  no  significant  difference  between  the  animals  injected 
for  8  days  and  tho.se  injected  for  7  days. 

The  effect  of  a  single  injection  of  thyroxine  on  thyroidal  iodine  uptake  and 
thyroid  weight 

The  effects  of  a  .single  injection  of  either  o  or  10  mS  of  T4  on  thyroidal 
radioiodine  uptake  were  studied  at  the  intervals  shown  for  the  first  ex¬ 
periment  in  F'igure  6.  Five  to  eight  animals  were  used  for  each  point.  A 
pronounced  suppression,  with  the  nadir  at  4S  hours,  was  produced  by  both 
doses.  This  was  followed  by  a  fairly  rapid  recovery  and  a  return  to  control 
levels  by  the  fourth  day.  Since  the  uptake  was  approximately  the  same  on 
the  seventh  day  as  on  the  fourth,  we  wondered  whether  it  remained  at  this 
level  after  the  fourth  day  or  whether  there  was  a  rebound  phenomenon 
characteristic  of  .sevo  reactions.  The  later  proved  to  be  the  case  when  the 
experiment  was  repeated  and  the  uptake  measured  on  days  four  through 
eight.  As  shown  in  Figure  6,  on  the  fifth  day  the  uptake  was  almo.st  double 
the  control  value.  It  reached  its  acme  at  292%  of  the  control  level  on  the 
sixth  day. 
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Fig.  ().  Clrai)hic  combination  of  tlic  first  and  second  experiments  studying  the  effect 
of  a  single  10  mK  L-thyroxim‘.  Each  i)oint  repres(>nts  five  to  eight  aiumals.  The 

lesults  an'  exjjressed  as  |)('rcent  of  the  untreated  controls  run  with  each  exix'riment 
since  they  w('re  performed  at  diffen'iit  times.  .V  study  with  a  single  injection  of  o  #.ig  T4 
j)arallcl  to  the  first  experiment  depicted  hen*  gave  identical  n'sults. 

The  changes  in  thyroid  weight  after  a  single  injection  of  10  Mg  T4  are  also 
depicted  in  Figure  0.  Although  the  pattern  was  similar  to  the  one  oli.served 
with  radioiodine  uptake,  the  amplitude  of  fluctuation  was  much  smaller. 
The  minimum  was  reached  on  the  third  day  and  the  maximum  on  the 
sixth  day. 

The  suppre.ssion  of  radioiodine  uptake  produced  hy  a  .single  injection  of 
loO  Mg  of  T4  (Fig.  7)  was  considerably  more  pronounced  than  that'  after 
5  or  10  Mg-  This  seemed  to  he  due  primarily  to  the  longer  duration  of  action 
of  the  larger  do.se,  .since  the  curves  for  the  fir.st  two  days  were  identical  with 
all  do.ses.  A  minimum  uptake  was  observed  four  days  after  injection  com¬ 
pared  to  a  minimum  at  two  days  with  the  smaller  doses.  Thyroid  weight 
also  reached  a  minimum  on  the  fourth  day.  Neither  thyroid  weight  nor 
radioiodine  uptake  had  returned  to  normal  by  the  seventh  day. 
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I'lG.  7.  Tliyroid  and  radioiodino  uptake  after  a  single  injeetion  of  150  ^ig  L-thy- 

roxine.  Kach  point  represents  the  mean  and  standard  error  of  five  to  eight  animals. 

The  ejfect  of  iodide  oti  thyroidal  leeight  and  radioiodine  uptake 

After  a  single  injection  of  8.8  mS  KI  (e(j[uivalent  in  iodine  content  to  10  ng 
T4),  tliyroidal  radioiodine  uptake  was  markedly  reduced  at  four  hours  but 
returned  to  normal  by  the  second  day  (Fig.  8).  There  was  a  very  slight 
decrease  in  thyroid  weight  at  24  hours.  On  the  other  hand,  128  mS  KI 
(corresponding  to  1.50  ng  T4)  greatly  suppressed  radioiodine  uptake  for  the 
first  24  hours  (Fig.  0).  The  uptake  did  not  return  to  normal  until  the 
seventh  day.  Thyroid  weight  after  the  larger  dose  of  KI  showed  a  slight 
continuous  decreajse  throughout  the  period  of  observation. 

DISCUSSION' 

The  data  presented  above  indicate  that  hypophysectomy  and  repeated 
daily  injections  of  physiological  doses  of  thyroxine  produce  very  similar 
effects  on  the  thyroid  gland.  Suppression  of  radioiodine  uptake  proceeded 
along  an  almost  identical  pattern  in  both  groups  and  no  greater  decrease 
occurred  in  the  thyroxine-treated  than  in  the  hypophysectomized  rats.  It 


Fig.  S.  Thyroidal  I”'  uptake  and  weight 
after  the  single  injeetion  of  a  small  dose  of 
potassium  iodide  eorresixmding  in  iodine 
content  to  10 /ig  thyroxine.  F.aeh  point  rej)- 
resents  5  to  8  animals. 
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Fig.  9.  'I'liyroidal  radioiodiiii'  uptake  and  thyroid  weipilit  afti'r  tin*  sinfjle  injection 
of  a  laiffe  dose  of  i)otassiuin  iodide,  eoriesiiondinf!;  in  iodini'  eont('nt  to  loO/n};  thyroxine. 
Faeli  point  represents  (i  to  S  animals. 


tints  appears  that  tliyroxine  may  suppress  thyroid  function  solely  by 
inhibiting:  secretion  of  thyrotropin  from  the  pituitary  and  that  it  is  not 
necessary  to  postulate  a  direct  inhibitory  action  of  thyroxine  in  the  thyroid 
Kland  itself.  Such  an  hypothesis  is  consistent  with  the  further  observation 
that  intrahypophyseal  injections  of  systemically  ineffective  amounts  of 
thyroxine  produce  thyroidal  suppression  indistinjruishable  from  that  of 
effective  systemic  doses  (Id,  14).  The  observation  of  Halmi  ct  al.  (2d)  that 
lar{j;e  do.ses  of  triiodothyronine  will  suppre.ss  the  thyroid  serum  (T/S) 
iodide  ratio  to  lower  levels  than  will  hypophysectomy  su}»:}i:ests  that  there 
may  be  some  direct  inhibitory  action  of  thyroid  hormones  on  the  thyroid 
sland.  However,  the  sifj;nificance  of  their  findings  is  not  yet  cei’tain  since 
they  found  that  Td  did  not  produce  the  same  .suppre.ssion  of  the  T,  S  ratio 
in  hypophysectomized  as  in  intact  rats,  a  “permi.ssive”  action  of  the  pitui¬ 
tary  beinp;  implied. 

It  is  of  interest  that  thyroidal  secretion  was  not  depressed  to  a  level 
comparable  to  that  which  followed  hypophysectomy  by  doses  of  thyroxine 
which  were  fully  effective  in  suppressinfi  iodine  uptake  and  thyroid  weight. 
This  observation  is  in  agreement  with  the  previous  data  reported  by  .Vst- 
wood  and  Hi.s.sell  (lo)  that  the  amount  of  T1  recjuired  to  prevent  goiter  in 
rats  chronically  treated  with  antithyroid  drugs  will  not  prevent  thyroidal 
iodine  depletion. 

There  is  almost  unanimous  concensus  that  the  commonly  utilized 
thyroid  parameters  are  not  ecpially  sensitive  to  a  given  level  of  thyrotropin. 
In  order  of  increasing  sensitivity  to  TSII,  they  are:  (1)  thyroid  weight  and 
histology,  (2)  radioiodine  uptake,  and  (3)  thyroid  hormone  secretion.  This 
variation  in  .sensitivity  was  also  demonstrated  in  the  present  study 
(Fig.  10). 

.\11  three  parameters  began  to  decrea.se  at  approximately  the  same  time 
following  hypophysectomy  or  thyroxine  admini.stration,  although  during 
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Hours  TIME  IN  DAYS 

Fig.  10.  Comparison  of  changes  produced  in  dilTerent  parameters  of  tliyroid  activity 
after  a  single  jihysiologic  dose  of  thyroxine. 

the  first  12  hours  it  was  ratlier  difficult  to  find  a  statistically  .significant 
decrease  in  thyroid  weight.  During  the  recovery  phase  from  the  change 
induced  by  a  .single  do.se  of  thyroxine,  however,  there  was  a  certain 
temporal  difference  among  the  three  functions.  Thyroid  hormone  secretion 
was  the  most  sensitive,  returning  most  rapidly  to  normal;  thyroid  weight 
was  the  least  .sensitive,  and  radioiodine  uptake  was  intermediate  between 
the  two.  Such  changes  have  indicated  to  some  investigators  that  it  is 
thyroid  secretion  that  is  primarily  affected  by  TSH  and  that  the  other 
changes  occur  secondarily  (16).  However,  it  is  possible  that  the  individual 
enzyme  systems  responsible  for  each  metabolic  function  of  the  thyroid 
gland  have  their  .specific  optimal  TSH  recpiirement  during  which  a  propor¬ 
tional  response  to  varying  concentrations  is  exhibited.  Before  this  level  is 
reached,  or  once  it  has  been  exceeded,  there  would  be  very  little  increase  of 
activity  with  increa.sing  amounts  of  TSH.  Thus  the  augmented  (piantity  of 
TSH  coming  from  the  adenohypophysis  during  immediate  recovery  from 
suppression  induced  by  a  single  dose  of  thyroxine  might  be  large  enough  to 
produce  near  maximal  .stimulation  of  thyroid  .secretion.  .V  much  longer 
time  lag  might  ensue  before  sufficient  TSH  were  secreted  to  produce  a 
maximal  radioiodine  uptake.  This  might  also  explain  why  radioiodine 
uptake  ro.se  .so  far  above  normal  between  the  fourth  and  the  seventh  days, 
while  thyroid  secretion,  as  far  as  we  were  able  to  determine,  stayed  at  the 
normal  level.  Helea.se  of  thyroid  hormone,  having  already  been  maximally 
stimulated,  would  not  respond  further  to  the  increa.sed  amounts  of  thyro- 
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tropin  heins  secreted  in  the  later  pliase  of  recovery  wliile  tlie  iodine  concen¬ 
tration  and  binding  meclianisms  would  require  these  higher  levels  of  TSH 
for  optimal  activity. 

Unfortunately,  because  of  the  rapid  loss  of  thyroidal  radioiodine  during 
the  control  period  in  the  animals  in  which  thyroid  secretion  was  studied, 
insufficient  thyroidal  radioactivity  remained  to  continue  following  tlie 
secretion  rate  to  the  time  when  the  maximal  rebound  was  observed  with 
radioiodine  uptake.  In  addition,  propylthiouracil  was  administered  to  the 
secretion  rate  rats  but  not  to  the  other  animals.  It  is  not  known  whether 
this  dissimilarity  in  treatment  also  might  explain  the  difference  observed 
in  the  two  functions. 

It  has  long  been  postulated  that  iodide  may  suppress  thyroid  activity  by 
inhibiting  TSII  secretion  from  the  pituitary  or  by  interfering  directly  with 
TSH  activation  of  the  thyroid  gland.  These  possibilities  should  be  con¬ 
sidered  in  this  investigation,  particularly  where  a  large  amount  of  thy¬ 
roxine  was  used,  since  the  relative  amount  of  iodide  accumulation  in  the 
thyroid  from  the  degradation  of  administered  thyroxine  could  be  consider¬ 
able  in  these  iodine-deficient  rats.  However,  these  mechanisms  cannot 
explain  our  results  since  potassium  iodide  suppressed  thyroidal  I’’’*  uptake 
for  only  a  short  period  without  any  appreciable  decrease  in  thyroid  weight, 
contrasting  sharply  with  the  thyroxine  experiments.  The  observed  effects 
of  iodide  in  our  experiments  seem  best  explained  by  a  sudden  great  increase 
in  the  iodide  pool  of  the  body,  rather  than  any  specific  iidiibition  or 
inactivation  of  TSH.  The  effect  of  iodide  on  thyroidal  secretion  was  not 
studied  here,  but  Wolff  had  previously  found  that  iodide  did  not  appreci¬ 
ably  decrease  the  rate  of  loss  of  thyroidal  I''”  under  similar  conditions  (22). 

The  prompt  decrease  in  thyroidal  secretion  following  sham  hypophy- 
sectomy  was  unexpected.  Handall  and  Albert  (21)  did  not  observe  any 
change  in  thyroidal  radioiodine  metabolism  after  sham  hypophysectomy 
in  the  rat,  but  the  extent  of  their  operative  approach  was  not  recorded. 
Our  hi.stologic  studies  indicate  that  the  extent  of  pituitary  trauma  probably 
determined  the  degree  of  decreased  TSH  release  postoperatively.  We 
anticipated  that  pituitary  mutilation  would,  if  anything,  accelerate  rather 
than  decrease  the  acute  release  of  thyrotropin  since  we  expected  preformed 
TSH  from  the  damaged  cells  to  enter  the  blood  stream  more  readily.  l  Aen 
very  minor  pituitary  damage  in  some  instances  resulted  in  quite  a  profound 
decrease  in  thyroidal  secretion.  Since  the  initial  inhibition  of  thyroidal 
activity  in  the  sham  hypophysectomy  group  usually  appeared  5-12  hours 
postoperatively  compared  to  1-2  hours  after  hypophysectomy  or  thyroxine 
administration,  it  is  possible  that  secretion  of  preformed  thyrotropin  may 
have  continued  relatively  unimpaired  but  that  synthesis  of  TSH  was 
decreased  by  surgically  induced  circulatory  embarrassment.  It  is  unlikely 
that  non-specific  pituitary-adrenal  activation  was  responsible  since  de¬ 
creased  thyroidal  .secretion  was  not  produced  by  those  operations  which 
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did  not  expose  the  hypophysial  fossa.  A  completely  satisfactory  explana¬ 
tion  must  await  further  study. 

REFERENCES 

1.  D’Angklo,  S.  a.:  Brookhaven  Symposia  Biol.  7:  9.  19.55. 

2.  Brown-Grant,  K.:  Ciba  Found.  Colloq.  on  Endocrinol.  10:  97.  1957. 

.3.  Taurog,  a.,  W.  Tong  and  I.  L.  Chaikoff:  Ciba  Found.  Colloq.  on  Endocrinol.  10: 
.59  19.57. 

4.  Greer.  M.  A.:  .Yew  Engl.  J .  Med.  244:  385,  1951. 

5.  Vander  Laan,  W.  P.  and  M.  A.  Greer:  Endocrinology  47:  36.  1950. 

6.  D’Angelo.  S.  A.,  K.  E.  Paschkis,  A.  S.  Gordon  and  A.  Cantarow:  J.  Clin. 
Endocrinol.  11:  1237.  1951. 

7.  Astwood,  E.  B..  .1.  Sullivan.  A.  Bissell  and  R.  Tyslowitz:  Endocrinology  32: 
210.  1943. 

8.  Hoskins,  R.  G.:  J.  Clin.  Endocrinol.  9:  1429.  1949. 

9.  Sharrer,  N.  E.  and  S.  P.  Asper,  .Ir.:  J.  Clin.  Endocr.  &  Metab.  16:  1311.  1956. 

10.  PuRVEs.  H.  D.  AND  \V  E.  Grieskach:  Endocrinology  39:  274.  1946. 

11.  CoRTELL.  T.  AND  R.  \V.  Rawson:  Endocrinology  35:  488.  1944. 

12.  Shellabarger.  ('.  .1.  and  .J.  T.  Godwin:  .[mer.  J.  Physiol.  176:  371.  19.54. 

13.  Euler,  C.  von  a.nd  B.  Holmgren:  J.  Physiol.  (London)  131:  125.  19.56. 

14.  Yamada,  T.  and  .M.  a.  Greer:  Endocrinology  64:  .5.59.  19.59. 

15.  .V.sTwooD,  E.  B.  AND  A.  Bissell:  Endocrinology  34:  282.  1944. 

16.  Keating.  E.  R.,  R.  \V.  Rawson,  \V.  Peacock  and  R.  I).  Evans:  Endocrinology 
36:  137.  1945. 

17.  Goldberg,  R.  (’.,  .1.  Wolff  and  R.  O.  Greep:  Endocrinology  60:  38.  1957. 

IS.  Brown-Grant.  K..  ('.  von  Euler.  G.  W.  Harris  and  S.  Reichlin.  ./.  Physiol. 
(London)  126:  1.  19.54. 

19.  Robbins,  .1.  and  .1.  E.  Rall:  Recent  Prog.  Hormone  Res.  13:  161.  1957. 

20.  LeBlond,  (’.  P.,  P.  Sue  and  A.  Chamorro:  C.  R.  Soc.  Biol.  (Par.)  133:  543.  1940. 

21.  Randall.  R.  V.  and  A.  Albert:  Endocrinology  48:  327.  1951. 

22.  Wolff,  .L:  Endocrinology  48:  284.  1951. 

23.  Halmi,  X.  S.,  D.  K.  Granner.  H..Vlbertand  I)..J.  Doughman:  Endocrinology  6S: 
101.  19.59. 


EFFECT  OF  TECHNICAL  PERTHANE  FRACTIONS 
ON  DOG  ADRENAL  CORTEX'  ^ 
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ABSTRACT 

A  method  for  the  ehemieal  fraetionation  of  perthane  and  the  isolation  of 
relatively  pure  o,p'  isomer  is  described.  P,p'  isomer,  and  crude  mixtures  of 
isomers  were  administ(>red  orally  for  one  to  eight  weeks  to  dogs.  Pups  simi¬ 
larly  received  either  the  p,p'  or  the  o,p'  isomer. 

Recrystallized  p,p'  isomer  or  crude  fractions  of  peuthane  containing  a  mix¬ 
ture  of  isomers  produced  moderate  to  marked  adrenocorticolytic  atrophy. 
Relatively  pure  o,p'  perthane  was  somewhat  less  active  than  the  p,j)'  isomer 
in  the  pup.  The  i)olar  by-products  added  no  significant  adrenal  toxic  effect  to 
the  crude  oily  mixture.  The  total  adrenocorticolytic  activity  of  technical 
perthane  in  the  dog  was  attributable  to  the  additive  eff»‘cts  of  its  isomers. 

PERTHANl'^  (2,2  hi.s(p-ethylpheiiyl)-l,l-(lichloioethane),  a  commer¬ 
cial  insecticide  analogous  to  DDT  has  been  shown  on  clironic  oral 
administration  to  dogs  to  produce  adrenal  cortical  atrophy  (1-R)  resem¬ 
bling  that  induced  by  1)1) D  (4).  The  principal  component  of  the  technical 
preparation  of  these  agents  is  the  p,p'  isomer  (Fig.  1).  The  o,p'  isomer  is  the 
principal  contaminant.  It  has  been  suggested  that  the  active  adrenocor¬ 
ticolytic  principle  of  1)1)1)  is  the  o,p'  isomer  (5,  fi).  This  was  based  on  the 
ob.servations  that  the  p,p'  i.somer  isolated  from  the  technical  product  is 
inactive  after  .several  recrystallizations;  moreover,  the  o,p'  isomer  was 
more  potent  than  the  technical  material.  The  potency  of  the  technical 
material  was  attributable  to  its  content  of  o,p'  isomer. 

It  was  believed  of  interest  to  fractionate  technical  perthane  for  .similar 
comparative  studies  of  the  adrenocorticolytic  effect.  This  paper  describes  a 
procedure  for  the  .separation  of  the.se  isomers  from  the  technical  product 
and  studies  of  their  effect  on  the  canine  adrenal  cortex. 

Fractionation  of  technical  perthane.  Two  kilogram.sof  tpchuical  jM-rthanp  (lot 
a  brownish  waxy  solid,  woro  obtained  from  the  Rohm  aiul  Haas  Co.  Five  hundred  gram 
lots  were  recrystallized  from  hot  ethanol  (one  liter)  and  a  white  crystalline  j)recipitate 
representing  p.p'  perthane  was  obtaimal  (m.p.  .57-58°  C  uncorrected).  'I'he  melting 
point  of  auth(*ntic  p,))'  perthane  is  given  as  50-57°  C  (7,  8).  .\  brownish-colored  oil  was 
recovered  from  the  ethanol  anil  weighed  1.50  gm.  (30%  of  the  technical  i)roduct).  The 
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2, 2-bis-(p-chlorophenyl)-  2,2-bis-(p-chlorophenyl)- 

I,  I,  l-trichloroethone  I,  l-dichloroefhane 

PERTHANE 


Fig.  1.  Formulas  of  tlie  p.p'  isomers 
of  DDT.  DDD  ami  perthane  for  com¬ 
parison. 


2, 2-bis-(p-ethylpheny0- 
I,  l-dichloroethone 


p.p'  isomer  was  subjected  to  two  further  recrystallizations  (m.p.  .5S-.i9°  C).  More  j),))' 
isomer  crystallized  from  the  brownish  oil  when  allowed  to  stand  in  the  refrigerator  for 
several  weeks.  The  resulting  oil  after  nmioval  of  the  crystalline  material  is  designated 
residual  oil  I. 

Paper  cliromatogrnpliij.  Paper  chromatograms  were  prepared  according  to  the  n*- 
versed  phase  systmn  of  Winteringham  (9).  The  spots  were  detected  by  the  method  of 
Mitchell  (10).  By  these  methods  the  recrystallized  material  gave  a  single  spot  represent¬ 
ing  the  )).])'  isomc'r  wlu'reas  the  oil  gave  spots  corresiionding  to  those  seen  with  known 
samples  of  |).p'  ami  o.j)'  perthane. 

Removal  of  polar  by-products  from  residual  oil.  Twenty-five  grams  of  the  residual  oil  1 
was  chromatograi)hed  on  a  column  (4.5X200  mm.)  of  activated  alumina.  The  fractions 
eluted  with  petroleum  ether  (1100  ml.)  were  pooled,  and  a  clear  colorle.ss  oil  (II)  ob¬ 
tained  after  evaporation  of  the  .solvent  weighed  23..3  gm.  (92%)  of  the  initial  oil.  .\ 
jiajM'r  chromatogram  of  an  aliquot  of  the  oil  showeil  two  sjiots,  one  of  these  corrcsixmd- 
ing  to  recrystallized  p.|)'  pertham*.  the  other  to  the  o.p'  i.somer. 

Dehydrorldorination.  Xinety-eight  grams  of  the  residual  oil  I  were  subject  to  an 
alkaline'  dehydroi'ldorination  procedure  as  described  by  Cristol  (11)  for  a  24  hour  period. 
On  a  paper  chromatogram  of  the  oily  jrroduct  obtaineel,  the  spot  for  p,p'  jM'rthane.  which 
was  noted  Ix'feire  alkali  treatment.  <lid  not  apjx'ar.  but  a  spot  corresponding  in  location 
to  a  known  sample  of  dehydrochlorinated  j),p'  perthane  was  now  jiresent.  The  spot  for 
O.J)'  jx'rthane  was  again  seen. 

Oxidation.  The  o.vidation  of  the  dehydrochlorinati'd  p.ji'  perthane  was  conducteel  by 
the  procedure  of  Scanlan  and  Swern  (12).  yield  of  4H.6  gm.  of  a  reddish-colored  oil 
(III)  was  obtained.  On  a  pajier  chromatogram  of  the  oil  a  spot  corresponding  to  tlie 
o.p'  isomer  was  detected  and  only  a  trace  of  the  spot  from  the  dehydrochlorinated  p,p' 
jierthane. 

Isolation  of  o.p'  perthane.  The  total  yield  of  oil  III  was  chromatographed  on  a  column 
(45X2.50  mm.)  of  activated  alumina.  The  first  petroleum  ether  eluate  (.500  ml.)  con¬ 
tained  the  relatively  imre  o.p'  isomer,  a  clear  colorless  oily  product  weighing  12.4  gm. 
A  paper  cliromatogram  of  this  oil  showed  a  single  sjjot  at  the  e.vjK'cted  location  for  o.p' 
perthane.  Subsequent  fractions  eluted  with  petroh'um  ether  gave  al.so  a  second  si)ot, 
corresponding  to  the  location  of  residual  unoxidized  dehydrochlorinated  i),p'  material. 

Properties  of  isolated  o.p'  isomer.  The  product  resisted  crystallization  and  charred  at 
about  2.50°  C  in  an  attempt  to  determine  the  boiling  point.  The  refractive  index  at 
2K°  ('  was  1..57<)0.  .\n  elemental  analj’sis’  of  the  isolated  oil  gave  C=  69.27%, 
H  =  6.3.5%,  ('1  =  23.99%.  The  corresponding  values  expected  for  a  perthane  isomer  are 
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Fig.  2.  Iiifra-rcd  spcctronrains  in  order  from  top  to  l)ottom;  (a)  i),p'  pertliane,  (h) 
relatively  pure  o,j)'  perthane  isolated  by  the  author  from  teehnieal  perthane,  (e)  o,])' 
perthane,  m.]).  =  49-50°  ('  (.synthesized  by  XiehoLs),  and  (d)  isomerie  mixture  obtained 
by  synthesis  by  the  author.  The  sp(Ttrof!;ram  of  j),))'  isomer  is  that  of  a  very  pure  sample 
of  p.j)'  perthane.  Peaks  peeuliar  to  the  o.j)'  isomer  may  be  identified  in  the  7)15-S()0. 
1090-1225,  and  2000-1000  Cm.~'  ref^ions.  These  speetrograms  of  the  o,))'  isomer  isolated 
from  the  teehnieal  material,  and  of  th(‘  mixture  of  isomers  are  not  those  of  |)ure  materials. 
The  relatively  i)ure  o,p'  isom(>r  isolated  from  teehnieal  perthane  shows  some  additional 
absorption  eharaeteristie  of  eontamination  by  an  olefin  (dehydroehlorinated  p,p'  isomer) 
and  by  a  bis-aeetyl  carbonyl  compound  (2.2  bis(])-aeetylphenyl-l,l-diehloroethane). 
The  siM'etrogram  of  the  mixture  obtained  by  synthesis  shows  bands  indicative  of  a 
mixture  of  mostlv  o,p'  perthane  with  some  p.p'  and  some  dehvdroehlorinated  material. 
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Fig.  3.  l  ltra-Violpt  absorption  spectra  of  p,j)'  isoniiT,  the  synthetic  isomeric  mixture 
synthesized  by  the  author,  the  o,p'  isomer  isolated  from  technical  perthane,  and  the 
olefin  obtained  by  dehydrochlorination  of  p,p'  isomer.  Xote  the  extended  range  of  ultra¬ 
violet  absorption  of  the  olefin  and  the  olefin  peak  at  2(50  mu,  and  the  limited  range  of 
absorption  of  the  perthane  isomers  with  a  peak  at  230  mu.  (p.j)'  isomer)  or  an  inflection 
in  the  absorjition  mirve  at  this  wavelength. 

('  =  70.3%,  H  =  ().of5%,  ('1  =  23.0S%.  The  analysis  indicated  some  contamination  of  the 
material  with  related  products. 

Synthesis  of  o,p'  isomer.  Synthesis  of  the  o,])'  isomer  was  attempted  according  to  the 
nu'thod  given  by  Haller  et  al.  for  o,p'  DDD  (13)  using  the  corresponding  o-ethyl  deriva¬ 
tives  in  place  of  o-chloro  derivatives.  Since  one  of  the  starting  materials  was  a  technical 
grade  reagent,  the  final  jiroduct,  an  oil  similar  to  the  o,p'  isomer  isolated  from  technical 
perthane,  jiroved  to  be  a  mixture  of  isomers  when  chromatographed  on  paper.  Spots  for 
both  o.p'  and  p.p'  isomer  were  detected.  The  refractive  index  of  the  oil  at  28°  C  was 
1.5782.  The  elemental  analysis^  of  the  oil  was  C  =  67.75%,  H  =  6.09%,  Cl  =  25.79%. 
.Vft(‘r  the  work  reported  in  this  paper  was  done,  Nichols  (14)  prepared  pure  o,p'  i.somer 
using  Haller's  method  (13).  The  melting  point  of  the  four  times  recrystallized  o,p' 
isomer  obtained  by  Nichols  is  49-50°  C.  Klemental  analysis  of  his  product  was  C 
=  70.48%,  H  =  6.(5()%.  Cl  =  23.09%. 

Comparison  of  products  isolated.  The  infra-red  spectrogram  of  the  p.p'  perthane  was 
that  of  a  very  jiure  sainjile  of  p,p'  perthane  free  of  a  significant  quantity  of  the  normal 
impurities  (15).  That  of  the  .synthetic  product  of  o,p'  isomer  obtained  by  Nichols  and 
the  mixture  obtained  by  synthesis  are  practieally  iflentical  (Fig.  2).  The  latter  two 

®  The  elemental  anal3’sis  was  done  b.v  Huffman  Microanal\-tic  Laboratories.  Wheat- 
ridge,  Colorado. 
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spectrograms  show  the  characteristics  expected  from  o.j)'  isomer  in  the  735-8(50  Cm~*, 
1090-1225  Cm~',  and  1(500-2000  Cm~*  regions.  The  tracing  of  the  o,p'  isomer  which  was 
isolated  from  the  teclinical  material  was  very  similar  to  Nichols’  product  except  for 
.some  additional  bands  suggestive  of  contamination  by  (hdiydrochlorinated  p.p'  per- 
thane  and  b}-  2,2  bis(p-acetylphenyl)-l,l-dichloroethane  (15).  Tltra-violet  spectro¬ 
grams  of  i)erthane  isomers  and  dehydrochlorinatcd  perthane  were  pr(>i)ared  with  2.5 
(10)“'  M  solutions  in  pure  ethanol  using  the  Beckman  Dl’  spectroi)hotometer  and  taking 
readings  every  5  microns  from  210-300  mu  (Fig.  3).  The  ultra-violet  si)ectrogram  of  a 
sample  of  dehydrochlorinatcd  piuthane  obtained  from  the  Rohm  and  Haas  Co.,  shows 
marked  absor])tion  in  the  ultra-violet  region  because  of  its  conjugated  .syst(‘m  of  double 
bonds  (1(5).  Similar  absor|)tion  would  be  expected  for  the  bis  diacetyl  dii)henyl  dichloro- 
<>thane.  From  these  spectrograms  it  was  calculated  on  the  l)asis  of  the  absori)tion  at  230 
mu  and  2(50  mu  that  the  contaminating  material  may  be  present  to  an  extent  of  5-8% 
of  the  oil  identified  as  consisting  of  relatively  pure  o.])'  perthane  by  paper  chromatog- 
rai)hy. 

Composition  of  technical  perthane.  The  comi)osition  of  the  original  batch  of  technical 
perthane  was  calculated  from  the  weights  of  the  jiroducts  obtained  after  completing 
successive  stages  of  the  separation  i)rocedure.  It  was  found  to  be:  cry.stallim*  p.j)' 
i.somer  (59%.  o.p'  isomer  (oil)  8%,  j)olar  by-products  2%,  unidentified  material  21%. 
Perthane  is  said  by  the  manufacturer  to  contain  87%  j),])'  isomer  and  less  than  2% 
l-ethylphenyl-1.2,2-trichloroethane;  the  remainder  being  unidentified  material  (8).  In 
comparison  Cristol  and  Haller  (17)  isolated  o,])'  1)1)1)  in  7-8%  yield  from  technical 
1)1)1).  C'ueto  and  Brown  (18)  gave  the  composition  of  a  batch  of  technical  I)I)I)  to  be 
p,p'  isomer  83%,  o.p'  isomer  10%,  the  remainder  In'ing  unidentified  mat(‘rials.  Inter¬ 
fering  side  reactions  probably  account  for  some  unrecovered  material. 

Administraliott  to  dogs.  Technical  pertliane,  recry.stallized  p,p'  isomer, 
and  the  residual  oils  were  administered  in  hard  gelatin  capsules  to  mongrel 
dogs  weighing  5-8  kgm.  in  a  daily  dosage  of  50-200  gm.  kgm  as  a  20% 
corn  oil  .solution.  Relatively  pure  o,p'  perthane  isolated  from  the  technical 
mixture  and  recrystallized  p,p'  isomer  were  given  as  corn  oil  .solutions  by 
stomach  tube  to  two  litters  of  mongrel  pups  which  had  been  weaned  and 
pretreated  with  anti-canine  hepatitis,  and  antidistemper  serum.  Slight 
contamination  of  the  o,p'  i.somer  with  dehydrochlorinated  p,p'  perthane 
was  not  expected  to  affect  interpretation  of  the  re.sults  since  the  analogous 
product  from  I)1)D  is  without  significant  effect  on  the  adrenal  cortex  (2). 
The  administration  of  the  perthane  isomers  and  residual  oils  was  continued 
for  eight  weeks  or  until  the  animals  became  moribund  at  which  time  they 
were  sacrificed.  .\s  treatment  progressed  animals  lost  weight,  showed 
muscle  weakne.ss  and  became  ataxic.  All  dogs  were  autopsied  and  the 
adrenals  removed,  weighed,  fixed  in  10%  formalin,  and  submitted  for 
preparation  of  hematoxylin  and  eo.sin  stained  histological  sections.  All 
perthane  fractions  tested  proved  to  have  adrenocorticolytic  properties 
(Figs.  4  and  5).  Activity  was  judged  by  survival  time  and  extent  of  histo¬ 
logical  damage.  In  Tables  1  and  2  four  plus  atrophy  indicates  that  the 
cells  of  all  three  zones  of  the  adrenal  cortex  exhibit  exten.sive  necrosis  and 
loss  of  normal  cellular  pattern.  Three  plus  atrophy  indicates  extensive 
damage  confined  to  the  zonae  fasiculata  and  reticularis.  Two  plus  atrophy 
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Fk;s.  4  iiiul  ij.  Histological  sections  of  normal  dog  adrenal  cortex  (Fig.  4)  and  sevendy 
atrophied  adrenal  cortex  (Fig.  5)  after  (i  wc'cks  of  treatment  with  j).p'  perthane  (200 
mg.  kgm.).  'I'lu'  normal  adrenal  corti'X  shows  in  order  capsule,  z.  glomenilosa,  z.  fasieu- 
la-ta,  the  most  exttmsive  zone,  and  z.  reticularis  adjacimt  to  the  medulla,  'i'he  atrophit'd 
adnmal  cortex  shows  a  thickened  capsule,  relatively  intact  z.  glomerulo.sa,  almost  com- 
])lete  atrophy  of  z.  fasiculata  with  vacuolization  and  fatty  dt'generation  extending  into 
z.  reticularis. 


indicates  the  presence  of  .some  necrotic  chancres  in  tlie  inner  two  zones.  Tlie 
histolofrical  clianges  caused  hy  teclinical  perthane  have  been  descrilied  in 
detail  el.sewhere  (1).  In  Table  1  it  will  be  noted  that  the  residual  oils  were 
fed  at  a  lower  dosage  than  the  technical  material  or  the  recrystallized  p,p' 
isomer.  This  was  done  with  the  thought  that  they  would  prove  more 
potent.  The  data  of  Table  1  indicate  that  the  re.sidual  oils,  which  consist 
principally  of  mixtures  of  tlie  p,p'  and  o,p'  isomers  may  be  equally  as 
potent  as  the  recrvstallized  p,p'  isomer  with  respect  to  onset  of  severe 
toxic  symptoms  and  degree  of  atrophy  produced  if  fed  at  the  same  dosage. 
The  residual  oil,  after  removal  of  polar  contaminants  by  chromatography 
on  an  alumina  column,  was  as  active  as  the  crude  residual  oil.  The  data  of 
Talile  2  indicate  that  the  relatively  pure  o,p'  perthane  was  also  active,  but 
may  be  somewhat  le.ss  active  than  the  p,p'  i.somer.  The  two  pups  treated 
with  o,p'  material  were  litter  mates  of  similar  weight  and  general  condition 
as  the  pups  treated  with  p,p'  material.  They  withstood  a  longer  treatment 
period  before  terminal  symptoms  developed.  Histologically,  the  adrenal 
ilamage  appeared  to  be  somewhat  le.ss  extensive.  Since  the  present  study 
Nichols  (14)  lias  extended  these  oliservations  with  experiments  on  dogs 


July,  1961 

PKRTHAX 

K  OX  DOO 

.'iDRKX.\L  COR' 

ri:x 

19 

T.XBI.E  1.  KkfECT  ok  TECUMI  AI.  PER' 

rHANE 

AXl)  FRACTIOX 

S  OBI  AIN  El) 

KRO.M  IT  0.\ 

THE  ADKKXAI 

.S  OK  MOXr.REL  DOOS 

iVt.  of 

1  lays  of 

.\drenal 

IvXtlMlt  of 

Dor  Xo. 

Material  administered 

1  )ose 

(lUR./kR.) 

doR 

(kR.) 

admini.s- 
t  ration 

weiRht 

(Rin./kR.) 

adrenal 

atroi)hy 

It 

technical  perthane 

200 

.5.8 

17 

+  +  + 

2t 

technical  perthane 

200 

7 .  .5 

8 

0.074 

+  +  + 

.3 

p,])'  perthane 

200 

0  ..5 

42 

0.003 

+  +  -j-  "i" 

4t 

p,])'  perthane 

200 

.5.8 

10 

— 

+  +  + 

0 

p,p'  perthane 

200 

8.0 

18 

— 

+  + 

tit 

p,p'  j)erthane 

200 

7.0 

12 

0.008 

+  -j-  -1- 

7t 

p,p'  |)erthane 

200 

(i  ..5 

1 1 

-f -f--r 

8 

residual  oil  I 

200 

7.0 

10 

0.07() 

+  +  + 

i> 

residual  oil  1 

100 

7.0 

42 

-f  +  4- 

10 

residual  oil  I 

too 

7  ..5 

44 

0.114 

-l-  4"  + 

11 

j)urified  residual  oil* 

.50 

7.0 

.58 

0.080 

+  -i-  -1- 

12 

corn  oil  only 

— 

tl.O 

.58 

0.131 

0 

*  Purified  i)y  eoliiinn  eiiroinafogriipliy  on  an  alumina  column  i)etroleum  etlu'r  fraction, 
t  Dors  nos.  1,  2,  4,  (i,  7  were  fouml  dead  in  the  caRc.  The  other  iloRs  were  sacrificed  whcui 
morihund. 


using  pure  crystalline  o,p'  isomer.  On  the  basis  of  his  findings  he  has  also 
stated  that  the  o,p'  isomer  of  perthane  may  he  less  active  than  the  p,p' 
isomer. 

The  results  demonstrate  that  both  the  o,p'  and  p,p'  isomers  of  perthane 
have  adrenocorticolytic  activity.  Their  combined  effects  are  proltably 
additive.  In  this  respect  perthane  may  differ  from  1)1)1)  it\  which  it  is 
claimed  that  o,p'  isomer  is  the  potent  fraction.  The  adrenocorticolytic 
activity  of  technical  perthane  is  attril)utable  to  the  content  of  these 
isomers.  Because  of  the  relative  al)undance  of  the  p,p'  isomers  as  compared 
to  the  o,p'  isomers  in  the  teclmical  products,  the  p,p'  isomer  of  perthane 
may  prove  to  l)e  a  more  desirable  material  to  use  than  the  o,p'  isomer  of 
1)1)1)  in  experimental  investigations  for  the  production  of  adrenal  cortical 
atrophy.  This  work  further  suggests  that  the  .structure  activity  relation¬ 
ships  e.stablished  for  1)1)1)  may  not  be  applicable  to  its  analogs  atul  indi¬ 
cates  the  need  for  further  .studies  on  the  effect  of  structural  variation  of  the 
I)I)I)  molecule  on  adrenocorticolytic  activity. 


Table  2. 

Ekkect  of  0,P'  OR 

RECRYSTAI.LI/.EI) 

P,  P'  ISO.MERS  OF  PERTII  ANE 

0.\  THE 

ADRENALS 

OF  LITTER  .MATE 

WEANED  1 

•1  PS 

Pup 

Sex 

I.itter 

\Vt.  of 
pup 

(kR.) 

Material 

administered 

Dose 

(niR./ 

kR.) 

Days  of 
adminis¬ 
tration 

Extent  of 
adrenal 
.atrophy 

1 

M 

.\ 

3.1 

p,p'  jierthane 

100 

13 

+  + 

2 

F 

.\ 

2.0 

p,))'  perthane 

100 

12 

+  +  + 

3 

F 

H 

2.3 

p,p'  jierthane 

100 

1 1 

+  +  + 

4 

F 

B 

2.2* 

p,l)'  jic'rthane 
o,p'  perthane 

100 

0 

+  +  + 

.5 

M 

.\ 

•J.i) 

too 

20 

+  + 

0 

F 

B 

2 . 1 1 

o,j)'  perthane 

100 

18 

+  +  + 

7 

.M 

2.0 

control 

20 

0 

*  The  foodiiiR  of  tlu*  p.p'  perthane  hcRaii  when  this  pup  was  two  weeks  older  than  other 
pui)s  used  in  the  ex])eriment. 

t  Pup  Xo.  ()  was  found  dead  in  the  eaRe;  others  were  saerifieed  when  morihund. 
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Addendum  i 

After  submitting  the  manuscript  for  publication,  the  author’s  attention 
was  brought  to  some  results  of  experiments  in  progress  in  the  laboratory 
of  Dr.  John  Nichols.  He  found  that  daily  oral  administration  of  pure  p,p' 

DDI),  .500  mg.  kg.  in  solution,  to  dogs,  produced  significant  atrophy  of  I 

the  adrenal  cortex.  In  contrast  p,p'  DDI)  in  a  dosage  of  200  mg.  kg.  was  j 

relatively  ineffective.  His  work  indicates  that  the  effect  of  p,p'  DDD  on  | 

the  dog  adrenal  is  dose  dependent. 
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INHIBITION  OF  ERYTHROPOIESIS  BY  ESTROGENS 
PETER  P.  DUKES  and  EUGENE  GOLDWASSER 

Argonne  Cancer  Research  flospital,^  and  The  Department  of  Biochemistry,  The  rniver,sity 
of  Chicago,  Chicago,  Illinois 

ABSTRACT 

Both  natural  and  synthetic  estrogens  have  been  found  to  rapidly  depress 
erythropoiesis  in  male  rats.  The  doses  employed  and  the  time  relationshii)s 
obtained  in  these  experiments  suggest  that  estrogens  ar(‘  part  of  the  regulatory 
mechanism  governing  red  cell  production. 

The  adminiist ration  of  estrogens  has  l)een  known  to  impair  erytliro- 
poiesis  in  different  animal  .species,  when  studied  over  rather  long 
periods  of  time.  Large  doses  of  estrogens  cause  severe  anemia  in  dogs  (1,  2) 
and  mice  (3)  but  in  the  monkey  the  effect  of  similar  doses  is  only  slight  (4). 
The  regeneration  of  red  cells  was  studied  extensively  in  the  rat  (5,  6)  and  it 
was  found  that  males  recover  from  bleeding  more  rapidly  than  females.  If 
bled  female  rats  are  given  e.stradiol  continuously  they  completely  fail  to 
restore  their  original  red  cell  levels. 

The  conclu.sions  drawn  from  these  experiments,  which  utilized  the  usual 
indices  of  the  peripheral  blood  (red  cell  count,  hemoglobin  concentration 
and  hematocrit)  in  addition  to  studies  of  the  morphology  of  the  marrow 
was  that  the  anemia  resulting  from  estrogen  administration  is  caused  by 
the  replacement  of  the  marrow  erythropoietic  tissue  by  edema  fluid  or  by 
bone. 

By  using  a  short  method  for  determination  of  the  rate  of  erythropoiesis 
(7,  8)  we  were  able  to  .study  the  mechanism  of  the  inhibition  of  red  cell 
formation  by  e.strogens  in  more  detail  than  had  previously  been  possible. 
The  re.sults  of  the  experiments  reported  here  indicate  that  there  is  a  rapid 
effect  of  estrogens  on  the  marrow,  which  we  suggest  may  compete  with  the 
effect  of  erythropoietin  (9)  in  the  maintenance  of  the  steady  .state  of 
erythropoiesis.  A  preliminary  report  of  this  work  has  already'  appeared  (10). 

.\I.\TERIALS  AND  .METHODS 

.Male,  Hprague-Dawley  rats  weighing  160  to  200  gin.  (6  to  8  weeks  old)  were  used  in 
all  experiments  in  groups  of  five  or  more.  The  animals  received  food  (Purina  rat  chow) 
and  water  ad  libitum.  Test  substances  were  injected  subcutaneously,  dissolved  in  peanut 
oil  containing  3  mg.  of  benzyl  alcohol  per  ml.  However,  erythropoietin  and  inorganie 
compounds  were  dissolved  in  saline.  Erythrojioiesis  was  measured  by  injecting  1  pc.  of 

Rec(*ived  Sejitember  26,  1960. 

‘  Op(*rated  by  The  I’niv'ersity  of  Chicago  for  the  Cnited  States  .\tomie  Energy 
Commission. 
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Fpss  CIj  into  tho  tail  vein  of  each  rat.  and  17  to  18  hours  later  removiiiK  a  1-ml.  samjile 
of  blood  by  cardiac  puncture.  Radioiron  was  counted  in  a  well-type  scintillation  counter. 
Results  are  e.xpressed  either  as  percent  of  the  injected  iron  incorporated  into  the  total 
red  cell  mass,  or  as  percent  depre.ssion  of  erythropoiesis  with  respt'ct  to  the  control 
Krou])  injected  with  only  the  vehicle. 

Cell  counts  were  done  in  a  C'oulter  counter.  Hemoglobin  was  determined  colori- 
metrically  as  cyanmethemoglobin  (11).  Reticulocyte  counts  were  made  from  wet 
mounts  of  whole  blood  stained  with  brilliant  cresyl  blue,  and  hematocrits  were  deter¬ 
mined  by  the  micro  method. 

We  are  indebted  for  the  following  gifts:  .Vllylestrenol  from  Organon  Inc..  4.4'-sec- 
butylidenediphenol,  4,4'-isoi)ropylidenedicyclohexanol  and  p.p'-biphenol  from  the  Dow 
Chemical  C'ompany.  .Kll  otlu'r  compounds  were  ))urchased  from  commercial  sources. 

RESULTS 

After  our  ol)servation  that  estradiol- 17(8  in  physiolofrieal  amounts  could 
depre.ss  the  incorporation  of  Fe’’“  into  red  cells,  we  examined  a  number  of 
other  compounds,  steroid  and  non-.steroid  for  similar  effect  with  the  re.sults 
seen  in  Table  1.  The  naturally  occurring  estrogens  all  were  inhibitory  as 

Table  1.  Kkfect  ok  estrooexs  am)  related  comkocnds  o.\  ervthroi’oiesis' 


C'omiM)uiid 

Dose/ 

rat 

(mK) 

Control 

% 

Fe59 

uptake 

Experi¬ 
mental 
%  Fe« 
ipitake 

Standard 
error 
of  dif- 
fc'rence* 

%  de¬ 
pression 
of  Fe‘» 
uptake 

Kstradiol-lTfl 

20 

4().  1 

84.0*** 

1  .55 

20 

Kst  radio!- 1 7(1 

20 

42.. T 

20.8*** 

2.48 

81 

Hstradiol-17(l 

20 

4:C7 

82.5** 

2.88 

20 

Estradiol  I)iproj)ionate 

20 

4:E7 

82.5* 

4.20 

20 

Estradiol  1  tipropionate 

20 

HO.O 

28.5** 

1  .04 

28 

Ethinvl  Estradiol 

20 

35.0 

21 .5*** 

2.18 

40 

Ethinyl  Estradiol 

20 

48.7 

21 .5*** 

2.24 

51 

Estriol 

20 

40.1 

84.0** 

2.:io 

24 

Estriol 

20 

48.7 

88.8** 

8.08 

24 

Estriol 

20 

85.1) 

82.0 

2.17 

11 

Estriol 

20 

52 .() 

48.1 

2.24 

0 

Estriol  ( lliicuronidate 

20 

52.0 

40.0 

4.70 

5 

Estriol  (lliicuronidate 

20 

85.0 

88.7* 

0.05 

0 

Estriol  < llucuronidate 

20 

48.7 

80.8 

2.48 

0 

I'ist  rone 

20 

40.1 

41  .0 

2.00 

0 

Estrone 

20 

42.5 

80.2 

1  .71 

8 

Diethvlstilbestrol 

20 

40.7 

28.8*** 

5 . 50 

5ii 

1  tiethvlstilbestrol 

20 

58.4 

81.8*** 

8.01 

40 

1  )iethvlstilbestrol 

20 

41  .0 

20.0** 

8.80 

85 

Diethvlstilbestrol 

20 

88.0 

28.2*** 

1  .20 

27 

1  tiethvlstilbestrol 

20 

40.1 

28.0** 

4.02 

88 

1  )iethvlstilbestrol 

20 

01  .7 

:io.8*** 

2.85 

40 

Diethvlstilbestrol 

20 

48.2 

82.7** 

2.00 

24 

1  tiethvlstilbestrol 

20 

48.0 

20.5*** 

1  .07 

40 

Diethvlstilbestrol 

20 

80.8 

27.0* 

8.05 

27 

1  tiethvlstilbestrol 

20 

80.7 

20.0*** 

2.80 

48 

Diethvlstilbestrol 

20 

40.2 

18.8*** 

1.04 

1  tiethvlstilbestrol 

20 

40.8 

24.0*** 

1  .01 

80 

1  tiethvlstilbestrol 

20 

80.7 

22.7*** 

1 .41 

88 

1  tiethvlstilbestrol 

20 

88.8 

20.7*** 

8.50 

40 

Diethvlstilbestrol 

20 

40.8 

25.0*** 

2.07 

80 

Diethvlstilbestrol 

20 

80.0 

10.8*** 

1  .00 

47 
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Tabi.e  1  (Continued) 


('oinpound 

Dose/ 

rat 

(mu) 

Control 

% 

Fe®® 

ui)take 

FNperi- 
mental 
%  Fe®® 
\iptake 

Standard 
error 
of  dif¬ 
ference® 

%  *lc- 
l)ression 
of  Fe®® 
uptake 

1  liethvlstillx'stro! 

20 

38.3 

20.5** 

4 . 72 

47 

1  lipropionate 

20 

40.8 

20.0*** 

2 . 70 

50 

Ilexestrol 

20 

01  .7 

41  .8*** 

3 . 0(> 

32 

1  tienestrol 

20 

01  .7 

40.0** 

2.02 

10 

1  lienestrol 

2t) 

38.3 

2*2  .  <)  *  * 

4.17 

40 

Dienestrol  Diacetate 

20 

38.3 

17.0*** 

4  .04 

53 

T<‘stosterone 

20 

01  .7 

53.2 

4  .00 

14 

Testosterone 

20 

42.. ■» 

43.0 

2.10 

-  1 

d’estosteroiu* 

20 

30  7 

43.3 

2.02 

-  0 

Testosterone 

20 

38.3 

31.7 

4.80 

17 

'I'estosteroiu' 

20 

30.  () 

40.7 

1  .25 

-  1 1 

Testosterone  Propionate 

20 

38.3 

30.2 

3.83 

2 

ProtjesteroiK' 

20 

01  .7 

58.0 

2.84 

5 

Progesterone 

20 

30.0 

20 . 1 

1  .41 

5 

.Mlvlestrenol 

20 

43.7 

30.0 

2.00 

1 1 

.\llyl(“strenol 

20 

30.0 

20.0* 

1  .30 

13 

Pr«‘nnenolone 

20 

38.3 

30.4 

3.00 

5 

('ort  isol 

20 

40.1 

45 . 7 

1  . 45 

1 

Soybean  Steroids  (21  %  Stinmasteroh 

20 

42.5 

43 . 7 

2.30 

-  3 

4,4'-sec-Hutvlidenediphenol 

20 

38.3 

30 . 7 

4.08 

-  4 

4, 4'-sec- Hut  vlideiu'di  phenol 

100 

40.8 

33.2 

4., 50 

10 

4,4'-sec-Hntylidenediphenol 

100 

30.0 

20.3 

1 .18 

4 

4,4'-Isopropvlidenediphenol 

20 

41  .5 

38.3 

2.43 

8 

4,4'-Isopropvlide!iediph(‘nol 

20 

40.8 

40.8 

1  .50 

13 

4,4'-lsopropvlidenediphenol 

20 

38.3 

35 . 4 

5.13 

8 

4,4'-lsopropv!idenediphenol 

20 

30.0 

38.1 

1  .30 

-  4 

4,4'-Iso|)roi)vlid('nedii)henol 

100 

40.8 

38.3 

1  .83 

0 

4,4'-Isopropylidenediphenol 

100 

30.0 

28.0 

1  .31 

7 

4,4'-lsopropvlidenedicvclolu‘xan(d 

20 

30.0 

40. 1 

1  . 50 

-10 

100 

40.8 

30. 1 

18.2 

0 

l),p'-Hiphenol 

20 

38.3 

55 . 7 

3., 50 

7 

p,p'-Hiphenol 

100 

40.8 

30 . 4 

1  .70 

3 

o-Naphtol 

100 

30.8 

40.4 

1  .01 

-10 

/t-Naphtol 

100 

30.8 

40.7 

*2  22 

-10 

Sodium  Thiocvanat»‘® 

87,000 

43.0 

37.()* 

2.01 

14 

Sodium  Thiocvanate® 

87,000 

41  .5 

34.0* 

2.00 

18 

Sodium  Thiocyanate® 

87,000 

40.8 

40.0* 

1  .00 

14 

'  C'omj)()uiids  were  administen'd  72  hours  before  Fe*®  injection. 


S.E.  (x,  -xj)  =  s  a/ 


1 


Ni  and  N-j  iti  all  eases  e(|uals  5 


*  P<().05. 

**  P<().()1. 

P  <0.001. 

No  asterisk  denotes  P>0.05. 
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Fig.  1.  Doso  response  relationship  for  estradiol  and  diethylstilbestrol  effect  on 
erythropoiesis.  .1  compounds  admini.stered  in  4  equal  parts  of  the  indicated  dose  on  4 
consecutive  days.  B  compouiifls  administered  in  a  single  (lose  3  days  before  Fe®’  injection. 

were  the  synthetic  estrogenic  compounds.  Allylestrenol,  which  was  found 
to  be  active  is  one  exception  in  that  it  is  not  estrogenic  but  has  progesta¬ 
tional  activity.  Progesterone  itself,  however,  is  not  inhibitory  at  the  dose 
tested.  Two  compounds,  4,4'-sec-butylidenediphenol  and  4,4'-isopropyli- 
denediphenol  show  slight  but  definite  activity  at  high  doses.  These  data 
indicate  that  the  structural  requirement  for  erythropoiesis  inhibition  by 
this  class  of  compounds  involves  one  phenolic  ring  separated  from  an 
alicyclic  or  aromatic  ring  by  a  one-  or  more  carbon  atom  bridge  bearing 
short  aliphatic  side  chains. 

Conjugated  forms  of  estrogens  were,  at  least  equally,  as  active  as  the 
parent  compounds  with  the  exception  of  estriol  glucuronidate.  Estrogens 
are  much  more  active,  on  a  molar  basis,  than  NaCXS  which  was  tested 
because  of  its  known  ability  to  direct  the  differentiation  of  amphibian 
embryonic  tissue  away  from  blood  formation  (12). 


July,  tfJ61 


i:STH()(JKNS  AND  HH YTHHOPOI KSIS 


The  (lose-respouse  relationships  for  dietliylstilhestrol  and  estradiol  are 
shown  in  Figure  1.  In  the  upper  part  of  the  figure  (A)  the  dose  of  estrogen 
was  administered  in  4  ecpial  parts  on  consecutive  days  and  the  response  is 
seen  to  he  directly  proportional  to  the  logarithm  of  the  dose.  The  lowest 
<lose  of  estradiol  with  a  detectable  response  is  2.o  joig  per  rat  and,  as  will  he 
seen  below,  the  effective  dose  of  estrogen  was  only  1.9  mS-  In  tlie  lower  part 
of  Figure  1  both  compounds  were  given  in  a  single  dose  72  hours  before  the 
radioiron.  This  injection  schedule  resulted  in  a  lessened  inhibition  of 
erythropoiesis.  Under  both  .schedules  dietliylstilhestrol  was  a  more  active 
inhibitor  of  erythropoiesis  than  was  estradiol. 

The  interval  between  administration  of  estrogen  and  of  Fe'’”  has  a  pro¬ 
nounced  effect  on  the  magnitude  of  the  inhibitory  effect  (Fig.  2).  When  20 


Fig.  2.  U(‘s|)onsp  to  diethylstilbostrol 
as  a  function  of  time  Ijctwcen  administra¬ 
tion  of  estrogen  and  injection  of  radioiron. 
At  each  point  where  applicai)le,  1  standard 
deviation  from  the  mean  is  indicated. 
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pg.  of  diethylstilbestrol  are  injected  .40  to  00  minutes  before  the  a.ssay  of 
erythropoiesis  is  started,  the  iron  incorporation  remains  at  the  control  level. 
This  finding  indicates  that  the  last  dose  used  in  the  experiment  described 
in  Figure  1 A  was  without  effect  and  that  only  75%  of  the  injected  estrogen 
was  needed  to  produce  the  observed  inhibition.  Maximal  inhibition  of 
erythropoiesis  occurs  when  the  interval  between  a  .single  injection  of 
diethylstilbestrol  and  the  injection  of  radioiron  is  three  days.  These  find¬ 
ings  suggest  that  diethylstilbestrol  acts  to  inhibit  an  event  concerned  with 
the  earliest  phase  of  red  cell  development  in  the  marrow.  The  stimulation 
of  red  cell  formation  by  erythropoietin  has  been  shown  by  .several  investi¬ 
gators  to  similarly  involve  an  early  step  in  erythropoiesis  (13,  14,  15,  16). 

The  stimulation  of  red  cell  formation  by  erythropoietin  can  be  reversed 
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T\BI-K  2.  KkKECT  of  DIETIIYI.STII.BESTROI,  ox  KESBoXSE  to  hUVTlIKOPOlETIX' 


%  Ft***  uptake  I* 


('ontrol 

;i7  -t  a 

.5  I’nits  Slieep  Krythropoietiu 

87  ±0 

— 

l((  t'nits  Slieep  l*>vthropoit'tin 

42  ±  2 

0.02  <0.01 

.")  I'nits  .Sheep  l•;rythropoietin  plus 

20  /lift  1  )iethylstill)estrol 

80  ±  4 

0.01  <0.001 

10  I'nits. Sheep  Frythropoietin  ])ius 

20  nil  1  )i(*thylstill)estrol 

80  ±  4 

0.01  <0.001 

20  nii  1  tiethylstilhestrol 

28  ±  2 

<0.001 

'  I  tiethylstilbestrol  was  iiijectetl  on  the  third  day  and  erythropoietin  in  2  etpuil  doses  on 
the  secoiul  and  first  day  l)efore  Fe**  administration. 

Itesults  e.\press(*d  as  mean  ±standard  deviation. 


l)y  adininistratioii  of  estrosen.s,  and  the  iiiltibitory  action  of  e.^trogen.s  can  J 

l)e  partly  overcome  by  the  jiinonnt  of  erythropoietin  u.sed  (Table  2).  This  j 

relationship  is  noted  whether  partially  purified  sheep  erythropoietin  (9)  | 

is  adinifiistered  exogenously  or  whether  the  hormone  is  formed  endoge-  ! 

nouslv  as  a  re.'^ult  of  cobaltous  ion  administration  (17).  It  should  be  men-  j 

tinned  that  the  do.ses  of  erythropoietin  (o  and  10  units  (IS))  used  in  the.se 
experiments  are  (piite  larj^e.  In  the  standard,  starved  rat  assay  (S)  o  units 
of  erythropoietin  would  elevate  iron  incorporation  from  the  control  value 
of  4  to  ■)%  to  about  1S%  of  the  injected  Fe’’*.  Xon-starved  rats  as  u.sed  in 
the  present  study  are  much  le.ss  responsive  to  exogenous  erythropoietin  and 
it  takes  10  units  to  exceed  the  control  value  of  iron  uptake  significantly.  On 
the  other  hand,  10  units  of  erythropoietin  can  only  partially  reverse  the 
depre.s.sion  cau.sed  by  20  /xg  of  diethylstill)estrol. 

The  effect  of  increasing  amounts  of  cobalt,  with  a  constant  amount  of 
diethylstilbestrol  compared  with  groups  of  rats  receiving  no  diethylstil- 
bestrol  is  seen  in  Table  8.  While  the  response  to  the  cobalt  is  slight  in  the 
animals  not  treated  with  diethylstilbestrol,  the  rats  treated  with  diethyl¬ 
stilbestrol  show  a  more  pronounced  response  to  the  same  level  of  cobalt.  If  I 


'1  ABI.E  o.  .\\T.\<i<l\IS.\l  BETWEEN  ('o('l..  .WI)  DIETII V  I.STI  I.BE.STHDI,' 


^i.Moles  Co ■  ■ 

%  Fe**  uptake  aft<‘r 

administration  of 

No  dii'thylstilhestrol 

20  /uK  diethylstilbestrol 

0 

41  4-8 

27  4-8** 

5 

4.5  4-  4 

84  ±.5** 

10 

40  4-  2 

80  4-0** 

l.i 

47  4-4 

40  4-4* 

20 

40  4-4 

80  4-4** 

‘  I )i»“f hvlstillx-strol  w:is  iiijpctt*<i  on  the  ttiird  day  and  C'o(-l.>  in  two  <*(pial  doses  on  Ifie 
.‘econd  and  ftrst  dav  tx-fore  Fe**  administration. 

*  f’ <().().■). 

**  P<0.()1. 

Results  exprt'ssed  as  mean  ± standard  deviation. 
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Fig.  .3.  Effect  <»f  continued  iulininistration  of  estradiol  on  red  cell  indices.  (Iroui)s  of 
12  rats  were  used.  One  standard  deviation  from  the  mean  is  indieati'd.  On  day  2S  the 
differences  between  untreated  and  treated  groups  were;  hematocrits,  —9  (%  Hct.); 
Hemoglobin,  —2.0  (g/lOO  ml);  Red  blood  cells,  —1.4  (cell,  mnP  10“');  P  in  all  cases 
<0.01.  Difference  in  reticulocyte  count  on  daj'  7  (the  day  of  greatest  ilifference)  was 
-3.9  (%R.H.C.)  P  <0.001. 

condition.^  could  l)e  found  to  magnify  these  difference.s  another  modifica¬ 
tion  of  the  Fe’®  assay  method  for  erythropoietin  might  be  developed  which 
could  eliminate  the  use  of  hypophysectomized  (19)  or  starved  (8)  animals 
and  therefore  have  the  advantage  of  using  a  sturdier  assay  animal. 

Thiocyanate  has  a  similar  effect  to  dietlndstilbestrol  in  reversing  the 
action  of  cobaltous  ion  on  Fe"®  incorporation.  For  instance,  1.5  /xMoles  of 
C0CI2  injected  in  two  parts,  1  and  2  days  before  Fe^®  injection,  increased 
Fe®®  uptake  from  40+3  to  47+3%  (one  standard  deviation  indicated) 
(P<0.01).  If  in  addition  to  this  schedule  of  CoCb  injection,  87  mg. 
XaCNS,  were  administered  distributed  over  the  3  days  previous  to  Fe"'® 
injection,  the  incorporation  changed  from  47  ±3%  to  37  ±4%  (P  <0.01). 
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III  a  longer  study  we  have  seen  that  estradiol  can  appreciably  effect  a 
lowering  of  the  peripheral  blood  indices  of  red  cell  production.  ICach  treated 
rat  was  given  a  daily  injection  of  10  /ig  of  estradiol  in  1  ml.  of  peanut  oil 
while  control  rats  were  given  peanut  oil  alone.  The  results  of  this  experi¬ 
ment  (Fig.  li)  indicate  a  rapid  interference  with  erythropoiesis  by  estradiol 
as  seen  by  the  sharp  fall  in  reticulocytes  while  the  red  cell  count,  hemo¬ 
globin  and  hematocrit  levels  fell  more  slowly.  The  control  group  also 
shows  a  decrease  in  the  number  of  reticulocytes;  this  can  perhaps  be 
explained  (aside  from  a  normal  decrease  with  age)  by  the  recently  reported 
finding  (20)  that  at  lea.st  in  the  mouse  peanut  oil  itself  has  a  slight  estrogen¬ 
like  activity.  .\t  the  end  of  the  2S  days  the  Fe’’“  incorporation  in  the  treated 
groups  was  21+0  while  that  for  the  control  group  was  :14±S  (mean 
±standard  deviation  indicated:  P<0.()2).  The  estradiol  group  had  an 
average  body  weight  of  2():i  gm.  while  the  control  group  averaged  31<S  gm. 
This  slower  increase  in  body  weight  exactly  balanced  the  fall  in  red  cell 
mass,  measured  by  dilution  of  Fe’Mabeled  red  cells  and  the  red  cell  volume 
as  %  of  body  weight  remained  the  .same  for  both  groups,  4.<S-4.9%.  The 
ab.solute  red  cell  mass  of  the  estradiol  treated  group  was  about  12  gm.  in 
contrast  to  the  control  group  with  Ifi  gm. 

DISCUSSION' 

The  normal  rate  of  erythropoiesis  is  maintained  by  a  constant  discharge 
of  erythropoietin  from  the  kidney  (9)  and  po.ssible  other  .sources  (21,  22) 
into  the  circulation.  Superimposed  upon  this  control  mechanism  there  is, 
we  suggest,  a  negative  control  by  way  of  estrogenic  substances  acting  on 
the  marrow.  The  lower  red  cell  levels  of  females  would  support  this  con¬ 
tention.  In  order  to  keep  the  .system  which  produces  erythropoietin  active 
and  in  a  state  capable  of  responding  to  hypoxia  by  producing  increased 
(piantities  of  the  stimulatory  substance  and  yet  not  produce  an  excess  of 
red  cells  the  organism  would  reipiire  a  method  of  neutralizing  the  effect  of 
erythropoietin.  Fstrogens  may  .serve  this  purpose  acting  to  repress  the 
differentiation  of  the  multipotent  stem  cells  toward  the  red  cell  line. 
Ivstradiol  and  thiocyanate  have  been  shown  by  Hunn.strdm  and  Kriszal 
(2:i)  to  suppre.ss  differentiation  of  .sea  urchin  egg  endodermal  tissue  and  we 
have  seen  that  they  also  depress  red  cell  formation.  Similarly,  Ken-ichi 
Ogi  (12)  has  shown  that  thiocyanate  treated  medio-ventral  marginal  zone 
explants  of  Triturus  embryo  showed  a  definite  reduction  in  formation  of 
blood  islands  after  nine  days  of  cultivation. 

The  decreased  weight  gain  observed  in  the  estradiol  treated  group  of  the 
28  day  experiment  points  to  the  fact  that  not  only  the  erythropoietic  .sy.stem 
is  adversely  affected  by  estrogens.  Attention  is  called  to  experiments  by 
Priest  and  co-workers  (24)  showing  that  estradiol  reduces  the  incorporation 
of  radioactive  sulfate  into  cartilage  and  aortas  of  rats. 

While  the  problem  is  still  very  far  from  being  settled  we  feel  that  the 
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r^tiuly  of  red  cell  formation  offers  tlie  possibility  of  new  insights  into  the 
molecular  mechanism  of  differentiation. 
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THE  MK('IIAXISM  OF  PROTEIN  lODlNATIOX 
DURING  THE  METABOLISM  OF  THYROID 
HORMONES  BY  PERIPHERAL  TISSUES^ 

VALEIHE  ANNF  GALTON-^  and  SIDNEY  II.  INGBAB=‘ 

Ihorndike  Memorial  Laboratoru,  Second  and  Fourth  (Harvard)  Medical  Services, 
Boston  Citi/  Hospital,  and  the  Department  of  Medicine.  Harvard  Medical  School, 
Bo.'iton .  .1  /  as.sach  usetfs 

AHSTHAC'T 

During  tlie  nu*tal)()lisin  of  I'^'-laboh'd  thyroxin*'  and  its  analof^iu's  by  tissno 
pn'parations,  two  major  |)rodn(‘ts  an'  fornu'd;  inorpiidc  iodido  and  a  material 
which  remains  at  tli<>  point  of  aj)plieation  dnrinf!;  paj)er  ehromatof;rai)hy.  The 
nature  of  tliis  “orifjin  mat«‘rial”  and  tlie  mechanism  of  its  formation  have  been 
investisateil.  'i'lie  I''"  in  orifiin  material  was  T('A-preeii)itable,  non-dialyzabh' 
and  was  m)t  extractable  with  lipid  solvents,  and  was  therefore  thought  to  be  an 
iodinate*!  protein.  I'Acept  in  the  presence  of  serotonin,  the  formation  of  orifijin 
mat«‘rial  during  the  mi'tabolism  of  thyroid  hormones  was  invariably  associated 
with  the  appearan*'*'  of  inorganic  iodide.  However,  origin  material  was  not 
f*)und  when  inorgaidc  iodide  was  the  initial  snbstrate.  Incubation  in  complete 
•  larkness  had  no  consistent  eflft'ct  on  the  gc'iieratitm  of  either  iodide  or  origin 
material  from  thyroxin*'.  Furtlu'rmore,  anaer*»bi*)sis  an*l  g*)itr*)gens  faile*l  to 
prevent  the  f*)rmation  *)f  *)rigin  material  fnun  label*'*l  thyr*)xine.  It  was  thus 
*'*)nclud*'*l  that  *)rigin  mat*'rial  is  not  form*'*!  by  the  r*'-*»xi*lation  *»f  iodhle  lib- 
erat*'*l  *luring  hormonal  *h'i*)*linati*)n.  An  alternative  mechanism  is  propos*'*! 
an*l  its  impli*'ations  with  ri'ganl  to  h*»rmonal  action  are  *lis*'usse*!. 

IN  KECI'jNT  year.s,  mucli  information  has  been  obtained  concerning;  tlie 
metal)olism  of  the  tliyroid  liormones  by  peripheral  tissues.  The  degrada¬ 
tion  of  thyroxine  (T4),  d,o,:U-'triiodothyronine  (Tli)  and  tlieir  analogues  l)y 
peripheral  tissue  preparations  has  been  widely  studied  in  vitro,  and  it  has 
been  established  that  many  mammalian  and  avian  tissues  possess  systems 
for  deiodinating  or  deaminating  these  compounds.  The.se  findings  have 
recently  been  reviewed  (1). 

During  the.se  studies,  other  workers  have  noted  that  when  P®‘-labeled 
or  its  derivatives  are  incubated  with  tissue  preparations,  labeled  mate¬ 
rial  is  often  formed  which  remains  at  the  point  of  application  during  chro- 

R*'<'eive*!  October  7,  lObl). 

'  This  investigation  was  supp*»rte*l  in  i)art  by  resear*'h  grant  No.  .V-2(i7  from  the 
Xati*>nal  Institute  of  ,\rthritis  an*l  Metab*)lie  Diseases  of  the  National  Institutes  of 
Health.  Public  Health  Service.  an*l  in  |)art  by  the  Me*iical  Research  an*l  Development 
Hoar*l,  Office  of  the  Surgt'on  (leneral,  Department  of  the  Army,  under  Contract  No. 
D.\-4!l-0()7-MD-412. 

*  Milton  Re.search  Fellow,  Harvanl  University. 

’  Investigator,  Howar*l  Hughes  Medical  Institute. 
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niato}?rapliic  analyt>is  (l-o).  In  preparations  of  tissues  from  tlie  rat,  as 
much  as  20%  of  tlie  total  radioactivity  is  present  in  this  fraction  (o). 

Several  authors  have  thou}>:ht  that  the  orifjin  material  is  an  iodinated 
protein,  larjjiely  because  of  its  insolubility  in  organic  solvents  (o,  (i).  How¬ 
ever,  the  mechanism  by  which  protein  may  be  iodinated  during  the  deiodina- 
tion  of  T4  has  received  relatively  little  attention.  Two  possible  mechanisms 
have  been  suggested  (7).  First,  proteins  might  be  directly  iodinated  by  an 
immediate  product  of  T4  deiodination,  or,  secondly,  iodide  liberated  in  the 
course  of  deiodination  might  undergo  reoxidation  and  then  iodinate  pro- 
tein(s)  in  the  tissue  preparation. 

During  studies  in  this  laboratory  of  the  metabolism  of  thyroid  hormones 
by  mammalian  and  amphibian  tis.sues,  it  was  observed  that  the  formation 
of  origin  material  was  almost  always  associated  with  deiodination  of  the 
hormones.  Formation  of  inorganic  iodide  and  origin  material  increased  with 
time  and  the  latter  comprised  as  much  as  .40%  of  the  total  present. 
However,  certain  observations  made  it  seem  unlikely  that  origin  material 
indeed  results  from  the  re-oxidation  of  iodide  liberated  during  hormonal 
degradation.  First,  previous  workers  had  shown  that  tissues  later  demon¬ 
strated  to  form  origin  material  from  T4  were  unable  to  produce  significant 
(piantities  of  protein-bound  iodine  when  inorganic  iodide  was  the  substrate 
(S).  Second,  during  studies  of  the  effects  of  tryptophane  derivatives  on  the 
metabolism  of  T4  in  vitro,  it  was  observed  that  serotonin  could  completely 
iidiibit  the  appearance  of  inorganic  iodide  while  increasing  the  formation 
of  origin  material  (7). 

Two  types  of  experiments  were  performed  in  order  to  assess  more 
critically  the  mechanism  by  which  origin  material  is  formed.  First,  the 
influence  on  origin  material  formation  from  T4  of  several  conditions  known 
to  inhibit  the  oxidation  of  iodide  was  determined.  Second,  comparisons 
were  made  in  the  same  ti.ssue  preparation  of  the  amount  of  origin  material 
formed  when  inorganic  iodide  or  thyroxine  was  employed  as  substrate. 


MATERIALS  AND  METHODS 

Stu(lu“.s  wore  pcrfornu'd  in  sp('cinK‘ns  oiRainod  from  rats,  mici*.  tadpoles  and  frogs. 
Tissues  were  (piickly  removed  and  liomogenized  (1:10,  w  'v)  in  iee-eold  Krehs-Hinger 
pliosi)liate  buffer.^  Hoileil  liomogenates  were  re-liomogenized  before  use. 

Immediately  upon  arrival  from  a  eommereial  souree,^  radioaetive  eompounds,  other 
than  sodium  iodide,  were  diluted  with  1%  human  serum  albumin  to  give  a  final  eon- 


*  Krebs-ltinger-phosphate  buffer,  j)H  7.4: 

0. 1.54  M  XaCl  100  parts 

0.1.54  M  K('l  4  i)arts 

0.11  M  CaiC'lo  1  t)art 

0.1.54  M  MgSO,  1  part 

0.1  M  sodium  phos¬ 
phate  buffer  pll  7.4  10. ti  j)arts 

*  Obtained  in  solution  in  o0%  i)ropylene  glyeol  from  .\bbott  Laboratories,  Oak 
Ridge.  Tennessee,  .\eeording  to  ehromatographie  analysis,  .S.5-9.5%  thyroxine,  with  the 
major  eontaminant  inorganie  iodide. 
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(•(Mitration  of  160  /xc./ml.,  a  procedure  found  to  retard  ehemical  deeomposition.  Subse-  ; 

(juently,  small  aliquots  of  these  solutions  were  added  to  homogenates  (25  pi. /ml.)  to  i 

yield  final  eoneentrations  of  1-4X10~'  M.  I'®*-labi‘lc‘d  sodium  iodide,  as  obtained  from  ! 

the  same  eommercial  source*,  was  added  to  homogenates  tonether  with  sufficient  stable 
iodide  to  yield  a  final  concentration  of  1  X10“‘  M.  In  some  experiments,  human  serum 
albumin  or  stable*  T4  was  added  to  flasks  e*e)ntaininK  inorganic  l'^'.  In  the  latter  in- 
stance*s,  the*  hormone*  was  elissolve*d  in  50%  propylene  glye*ol  anel  adde*el  tee  a  concentra¬ 
tion  of  1-4 X 10“*  M. 

\^'hen  e*mj)le)ye*el.  tajjazeele,  preepylthiouracil  or  serotonin  we*re  aeleleel  tee  yield  a  con- 
e*e*ntratie)n  of  l()“®  M.  In  all  instane*e‘s,  the  pH  of  the  aelde*el  solution  was  adjuste*d  to  7.4 
prior  te>  aelelitieen. 

K.\ce*pt  when  e)the*rwise*  note*el,  spe*e*ime*ns  were*  ine*ubate*d  at  37°  (’  in  a  metabolic 
shake*r  unde*r  room  air  for  up  to  4  hours.  Following  inculeation.  human  jelasma  (0.5 
ml.  1.0  ml.  heunofjenate*)  was  aelde*d  to  e*ae*h  flask.  This  se*rve*el  tee  stop  further  re*actie)n 
and  also  to  reverse  any  spontane*e)us  chemical  alteration  of  the  sub.strate  which  may 
have*  e)e*e*urre*d  (9).  .\lieiuots  of  the  mixture's  were*  a|)plie*d  elire*ctly  to  strips  of  Whatman 
Xo.  1  filter  paper  for  chromatoffraphie*  analysis.  The*  solvent  systems  use'd  were  butanol- 
eIioxan('-2X  XIHOII  (4:1  :5),  anel  butane)l-2X  ae*e*tie*  aciel  (I  :1).  Folleewing  chreematoK- 
raphy,  strips  we*re*  se*anne*el  in  a  strii)-se*anner  and  the  areas  unele*r  the  several  raelieeactive 
pe*aks  were*  iele*ntifie*el  and  epiantifie'd  by  methods  previously  ele*scribe*d  (10).  In  some 
e*xpe*rime*nts.  the  pe*re*e*nt  of  organically-bound  P’*  as  de*te*rmine*d  chromate){>;rai)hically 
(T4-(-e)rigin  mate*rial)  was  e*e)mpare*el  with  that  e*stimate*d  by  trie*hloroae*e'tic  aciel  (TCA) 
pre*e*ipitation. 

Se*ve*ral  e*xpe*riments  we*re*  pe*rforme*d  in  a  e*e)mplete*ly  blae*kene*el  roeein.  Here*.  T4  was 
aelele*d  tee  tissue*  homogenate's  in  the  dark  anel  incubatiems  were'  performe'el  fe»r  one'  hour, 
afte*r  which  se*rum  was  aeleh'd  anel  the  re'sedtins  mixture'  was  applie*el  te>  chreematofjraphy 
pajee'r.  Light  was  admitte'd  to  the  reieem  eenly  after  the  material  apjdie'el  to  the  pape'r  was 
e  eemple'te'ly  elry.  Re*sults  were'  e*ompare*d  with  those'  eebtaine'd  in  the  same  homogenate 
during  cemiparable.  e'onceemitant  incubatieni  uneler  a  bright  flueere'seent  light. 


RESULTS 

l/xcept  in  the  case  of  ti.s.sues  iucuhated  xvith  .serotonin,  tlie  formation  of 
origin  material  was  invariably  associated  witli  the  appearance  of  iodide 
(Fig.  1).  Thus,  homogenates  of  tadpole,  rat  and  mouse  liver  all  generated 
inorganic  I'*’  from  labeled  T4,  and  all  produced  origin  material.®  In  boiled 
homogenates  of  tadpole  and  rat  liver,  hormonal  degradation  was  inhibited 
and  no  origin  material  was  formed.  The  ability  of  some  boiled  ti.ssue  prepa¬ 
rations  to  degrade  T4  has  been  noted  by  others  (11-14).  Boiled  homogenates 
of  mou.se  liver  continued  to  form  both  inorganic  iodide  and  origin  material. 
On  the  other  hand,  in  tissues  which  did  not  metabolize  T4,  such  as  frog 
liver  (lo)  and  sheep  thyroid  (lb),  no  origin  material  was  formed. 

(Considerable  amounts  of  origin  material  were  also  formed  when  homog¬ 
enates  of  tadpole  liver  were  incubated  with  Til,  triiodothyroacetic  acid 
(TA8)  and  tetraiodothyroacetic  acid  (TA4)  (Fig.  2).  In  this  preparation, 
origin  material  was  also  formed  from  diiodotyrosine  (l)IT)  amd  MIT. 

®  All  experiments  (h'S(*ribe(l  wt're  pt'rformed  on  at  h'ast  4  separate  occasions.  Results 
which  formed  the  basis  for  conclusions  concerning  the  formation  of  origin  material 
wen'  highly  n'producibh'. 
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Fig.  1.  Formation  of  origin  material  during  the  incubation  of  various  tissues  witli 
I‘^'-lal)eled  thyroxine.  Solvent  system:  butanol-<lioxane-2X  XH4OH  (4:1 :5).  () — origin. 
I~ — inorganic  iodide,  1% — thyroxine. 

However,  preliminary  experiments  suggest  that  the  mouse  liver  homog¬ 
enate,  though  capable  of  generating  inorganic  iodide,  does  not  form  origin 
material  from  MIT  and  PIT. 

Figure  8  depicts  typical  results  obtained  when  a  homogenate  of  tadpole 
liver  was  incubated  with  either  labeled  sodium  iodide  (1x10”'  M)  or 
labeled  T4  (2x10“'  M).  Origin  material  was  not  formed  when  iodide  was 
the  .substrate.  On  the  basis  of  the  (plant it y  of  iodide  found  in  the  lioiled 
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Fig.  2.  Formation  of  origin  material  during  the  deiodination  of  iodinati'd  compounds 
l)y  tadpole  liver  homogenate.  Solvtuit  systems:  butanol-dioxan(‘-2X  XlbOH  (4:1:5), 
and  butanol-2X  acetic  acid  (1:1).  () — origin,  1“ — inorganic  iodide,  T4 — thyroxim*, 
T3 — 3,5,3'  triiodothyronine,  'I'.Vi — tetraiodothyroaci'tic  acid,  T.Xs — 3,5,3'  triiodothyro- 
acctic  acid,  MIT — monoiodotyrosine,  DIT — diiodotyrosine. 
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Fig.  8.  The  (“ffect  of  serotonin  on  the  metabolism  of  I‘’'-lal)ele(l  iodide  and  thyroxine 
by  tadjiole  liver  homofiimate.  Solvent  system;  butanol-dio\ane-2N  NILOH  (4:1  :o). 
O-  origin,  I~ — inorfianic  iodide,  T4 — thyroxine.  Iodide  seen  in  the  serotonin-T4  speci¬ 
men  comparable  to  that  found  in  boiled  siiecimens. 

control,  serotonin  ( 10  ’  M)  completely  prevented  the  generation  of  inorganic 
iodide  from  T4  while  increasing  the  formation  of  origin  material.  However, 
it  did  not  induce  the  formation  of  origin  material  when  the  homogenate  was 
incubated  with  inorganic  iodide.  In  other  experiments,  addition  of  stable 
T4  (1  Xl0“'  M)  did  not  stimulate  the  formation  of  origin  material  from 
inorganic  iodide.  Thus,  the  formation  of  origin  material  could  not  have 
been  due  solely  to  the  higher  concentration  of  thyroxine  in  those  flasks  in 
which  I'^'-labeled  T4  was  the  substrate. 

In  homogenates  of  tadpole  liver,  generation  of  inorganic  iodide  was  not 
iidiibited  by  anoxia,  proplythiouracil  or  tapazole;  in  .some  experiments  it 
appeared  to  be  stimulated.  These  factors,  which  inhibit  iodinations  in  the 
thyroid  gland,  did  not  prevent  the  formation  of  origin  material  from  T4 
(Fig.  4).‘ 

Neither  deiodination  nor  the  formation  of  origin  material  was  .signifi¬ 
cantly  or  consistently  influenced  by  incubation  of  ti.s.sue  preparations  in 
complete  darkne.ss,  as  compared  to  bright  light  (Table  1). 

Origin  material  was  not  dialyzable  and  was  not  extracted  from  whole 
homogenates  by  lipid  solvents  (chloroform,  chloroform-methanol,  ether). 
\  comparison  of  chromatographic  results  with  those  obtained  by  TCA- 
precipitation  indicated  that  the  origin  material  was  TCA-precipitable. 
.Vttempts  to  hydrolyze  the  origin  material  failed.  Incubation  with  pancre- 

’  In  some  experiments,  anoxia  inhibited  hormonal  degradation  by  tadjmle  liver. 
However,  this  effect  was  not  consistent.  In  the  exi)eriment  shown,  anoxia  completely 
inhibited  the  generation  of  iodide  and  origin  material  in  comparably  and  concomitantly 
incubated  homogenate  of  mouse  liver. 
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Fig.  4.  Formation  of  origin  material  duriiiff  incubation  of  tailjiole  liver  homo>renat(' 
with  I‘^‘-laheled  thyroxine.  The  effect  of  anaerobiosLs  and  antitluroid  agents.  Solvent 
system:  butanol-dioxane-2X  XH4()H  (4:1:5).  0 — origin.  I~ — inorganic  iodide,  T4 — 
thyroxine. 

atin,  purified  trypsin,  or  pepsin  had  no  efiect,  even  when  the  hoinof^enate 
was  first  treated  with  ribonuelease,  desoxyribonuelease,  desoxyciiolate  or 
sonication.  Treatment  witli  acid  or  alkali  either  had  no  effect  or  resulted  in 
the  appearance  of  inorganic  iodide. 

DISCUSSION 

The  precise  nature  of  the  iodinated  material  which  is  formed  during  the 
metabolic  degradation  of  T4  and  which  remains  at  the  origin  of  chromato¬ 
grams  is  unknown.  It  has  been  suggested  that  the  origin  material  is  com- 
pri.sed  of  iodinated  protein  (o,  (i)  and  the  findings  in  this  study  support 
this  view.  However,  the  pre.sent  attempts  to  hydrolyze  the  origin  material 
have  failed. 

In  the  present  experiments,  origin  material  was  formed  only  in  tissue 


Table  1.  The  effects  of  i.nci  batio.v 
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*  Values  shown  corrected  for  iodide  and  origin  material  found  in  comparably-treated 
specimens  boiled  prior  to  incubation. 
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systems  capal)le  of  produeinfj;  inorganic  iodide  from  T4  and  its  derivatives. 
However,  tissues  capable  of  forming  origin  material  during  incubation  with 
T4  were  unable  to  do  so  when  inorganic  iodide  was  the  initial  .substrate. 
Furthermore,  serotonin  enhanced  the  formation  of  origin  material  from  T4, 
although  it  completely  inhibited  the  generation  of  iodide.  This  effect  was 
not  due  to  increased  conversion  of  iodide  to  origin  material,  since  the  same 
tissue  preparation  failed  to  form  origin  material  from  added  iodide,  even  in 
the  presence  of  serotonin.  Finally,  anaerobiosis  and  the  addition  of  goitro- 
gens,  which  prevent  organification  of  iodine  in  the  thyroid,  failed  to  prevent 
the  formation  of  origin  material  from  T4  in  tissues  capable  of  degrading  the 
hormcne  under  these  circumstances.  For  the.se  reasons,  it  appears  unlikely 
that  origin  material  is  formed  from  the  inorganic  iodide  liberated  during 
the  deiodination  of  T4. 

The  viewpoint  of  other  workers  with  regard  to  the  mechanism  of  forma¬ 
tion  of  origin  material  has  not  been  clear.  In  19o9,  Tata  reported  that  the 
deiodinating  activity  of  a  rabbit  .skeletal  muscle  preparation  was  increased 
by  the  addition  of  either  flavins  or  ferrous  ions  (ff).  However,  while  the 
formation  of  origin  material  was  enhanced  by  the  addition  of  flavin,  no 
increa.se  occurred  in  the  origin  material  formed  in  the  pre.sence  of  iron, 
although  deiodination  was  markedly  .stimulated.  Tata  remarked  that  this 
effect  resembled  the  increased  protein-bound  I'*‘  formed  in  thyroid  homog¬ 
enates  with  inorganic  I'^'  in  the  pre.sence  of  flavin  mononucleotide  (FMN). 
From  this  comment,  it  was  not  clear  whether  he  felt  that  inorganic  I''”  is 
also  the  sub.strate  for  protein  iodinations  in  the  T4-deiodinating  system,  as 
in  the  thyroid  homogenate.  However,  it  appeared  pos.sible  that  this  was 
indeed  the  case,  and  that  the  flavin-induced  increase  in  origin  material, 
described  by  Tata,  was  the  result  of  a  non-enzymic,  light-dependent 
oxidation  of  iodide  by  flavins,  .similar  to  that  described  by  Soodak  and 
Maloof  (17).  Mixtures  of  inorganic  iodide  and  flavin  are  capable  of 
iodinating  added  protein  when  expo.sed  to  light  (18).  The  po.s.sibility  that  a 
similar  mechanism  may  have  been  operative  in  Tata’s  experiments  can 
not  be  excluded  since  the  experiments  reported  were  carried  out  only  in  the 
presence  of  light  and  iodide  was  not  employed  as  substrate. 

This  mechanism,  however,  could  not  account  for  the  results  obtained  in 
the  present  experiments,  in  which  no  flavins  were  added,  .since  no  origin 
material  was  formed  from  inorganic  iodide,  even  when  homogenates  were 
incubated  in  bright  light.  Furthermore,  complete  darkness  failed  to 
influence  the  protein  iodinations  which  took  place  concurrent  with  the 
deiodinaiion  of  T4. 

Therefore,  if,  as  the  present  data  indicate,  origin  material  need  not  ari.se 
from  inorganic  iodide,  then  the  deiodination  of  T4  must  proceed  in  one  of 
two  ways.  First,  deiodination  may  yield  two  products:  inorganic  iodide 
and  a  compound  which  leads  to  the  formation  of  origin  material.  Alterna- 
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tively,  deiodination  may  yield  a  single  product  which  then  gives  rise  to 
both  origin  material  and  iodide.  If  the  origin  material  is  indeed  iodinated 
protein,  then,  in  peripheral  tissues,  as  in  both  the  thyroid  gland  and  non¬ 
living  systems,  the  iodinating  agent  must  be  an  oxidized  form  of  the 
halogen.  It  may  be  concluded,  therefore,  that  a  relatively  oxidized  form  of 
iodine  is  at  least  one  of  the  products  of  hormonal  deiodination. 

In  ntro,  oxidation  of  iodide  is  recpiired  for  aromatic  iodinations,  and 
physico-chemical  principles  indicate  that  a  similar  oxidation  occurs  in  the 
thyroid  gland  during  the  biogenesis  of  T4.  The  nature  of  the  actual  iodinat¬ 
ing  agent  is  unknown,  but  it  is  thought  to  be  either  molecular  iodine,  or 
more  likely,  the  hypoiodous  acidium  ion,  lOHj"*^,  or  the  iodinium  ion, 
1+  (19).  It  would  therefore  be  anticipated,  by  the  principle  of  “microscopic 
reversibility”  (19),  that  the  same  iodinating  agent  would  be  the  initial 
product  of  hormonal  deiodination.  This  would  have  the  ability  to  iodinate 
tissue  proteins,  thereby  forming  origin  material,  or  to  undergo  reduction, 
forming  inorganic  iodide. 

The  formation  of  origin  material,  and  presumably  the  generation  of  the 
hypothetical  iodinating  agent,  is  not  an  artifact  of  in  vitro  deiodination, 
since  origin  material  has  been  found  in  a  variety  of  tissues  from  animals 
given  P'^'-labeled  T4  or  Til  in  vivo  (20).  Recent  studies  in  this  laboratory 
have  led  to  the  hypothesis  that  deiodination  of  the  thyroid  hormones  is 
recjuisite  to  their  biological  action  (7,  lo).  If  this  is  the  case,  then  it  may  be 
that  the  iodinating  agent  is  the  active  principle  of  the  thyroid  hormone.’* 
On  the  other  hand,  hormonal  action  may  result  from  those  processes  which 
are  associated  with  the  reduction  of  this  agent  to  iodide.  While  these 
considerations  are  speculative,  their  heuristic  value  is  apparent. 

Addendum 

Since  this  manuscript  was  submitted,  Tata  has  reported  that,  in  the 
presence  of  FAIX,  indifferent  proteins,  .such  as  ly.sozyme  and  egg  albumin, 
are  iodinated  during  the  deiodination  of  T4  by  a  preparation  of  thyroxine 
dehalogenase  (22).  These  iodinated  proteins  yielded  monoiodotyrosine  on 
tryptic  hydrolysis.  On  the  basis  of  unpublished  data,  Tata  concluded  that 
inorganic  iodide  was  not  the  .substrate  for  protein  iodinations  in  the 
deiodinating  system,  a  conclusion  with  which  the  present  findings  are  in 
agreement. 
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ABSTRACT 

Sul)stanr»‘  Xj,  a  steroid  (‘lal)orate(l  hv  tlie  rat  adrenal  sland  which  reacts 
with  tlie  sulfuric  acid  iihcuylhydrazinc  (PS)  rcafi;cnt  yicldiiif!;  a  chroiu()>>;cn 
ahsorhiuK  liftht  at  400-410  m/a.  has  been  idcntiticd  as  20,21-dihydr()xy-lS,20- 
i‘|)o.\y-4-prcf!;ncn(‘-3-onc  ( 1  S-hydroxydcoxycorticostcronc).  Xo  chemical  reason 
has  h(‘cn  found  why  the  cyclohemikctal  sroupin/;  should  facilitate  the  forma¬ 
tion  of  an  intermediate  (for  e./i;.  f^lyoxal)  which  would  react  with  the  PS  re¬ 
agent.  Since  18-hydroxydcoxycorticostcrone  was  derived  sohdy  from  endoj^enous 
precursor(s)  and  because  its  biosynthesis  can  be  increased  by  atlrenocortico- 
tropin,  adenosine-3', 5*-nionophosphate  and  reduced  triphospho|)yridine  nu¬ 
cleotide,  it  is  a  natural  adrenocorticosteroid  and  mon*  than  likely  plays  an  im- 
portant  function  in  the  physiology  of  the  rat. 

The  isolation  and  identification  of  some  adrenocorticosteroids  released 
hy  rat  adrenal  tissue  incubated  in  vitro  has  been  reported  (1).  Aldos¬ 
terone  and  corticosterone  were  unetpiivocally  identified  by  using;  paper 
chromatographic  and  some  of  the  classical  technicpies.  Another  compound 
of  unknown  structure  designated  as  X..,  was  isolated  in  crystalline  form.  It 
reacted  with  the  phenylhydrazine  sulfuric  acid  reagent  of  Silber  and  Porter 
(PS)  (2)  giving  rise  to  a  chromogen  absorbing  light  maximally  at  400-4 10 
mix.  Since  it  did  not  have  the  same  structure  as  any  of  the  adrenal  steroids 
known  to  react  with  the  PS  reagent  as  indicated  above,  an  elucidation  of  its 
structure  was  sought.  Also,  knowledge  that  there  is  a  greatly  increased 
biosynthesis  of  this  substance  by  rat  adrenal  glands  incubated  in  vitro  in 
the  presence  of  adrenocorticotropin  (ACTII)  (R)  leads  one  to  the  point  of 
view  expressed  previously  (1)  that  it  may  be  important  in  vivo  in  the  over¬ 
all  physiology  of  the  rat.  Therefore,  in  the  light  of  these  facts,  attempts  at 
identifying  this  substance  appeared  justified. 

During  this  study  it  was  kept  in  mind  that  the  substance  could  possibly 
be  a  steriod  glyoxal  because  Lewbart  and  Mattox  (4)  have  shown  recently 
that  the  latter  readily  react  with  the  PS  reagent  giving  rise  to  chromogenic 
compounds  which  ab.sorb  light  at  or  around  410  ni/u. 

Rovoivod  October  18,  1960. 

*  Tills  work  was  supported  in  part  by  research  grants  from  tlu'  National  Science  Foun¬ 
dation  (Xo.  0-1448),  the  I’nited  States  Public  Health  Serviee  Orant  A-2672,  the  I'nited 
States  .Vtomie  Energy  Commission  Contract  Xo.  .\T(.30-l)-ni6  and  a  Damon  Runyon 
Reseandi  Orant  I)RO-.5()9. 
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For  reasons  discussed  previously  and  due  to  the  absence  of  a  20-keto 
carbonyl  absorption  band  in  the  infrared  spectrum  of  X„  (1)  IS-hydrox- 
yprogesterone  in  the  cyclic  18-20  cyclohemiketal  form  (o,  0)  was  also 
considered  as  a  possibility.  However,  the  much  lower  polarity  of  this 
substance  compared  to  in  various  paper  chromatographic  solvent  sys¬ 
tems  eliminated  IS-hydroxyprogesterone  as  being  the  substance  whose 
structure  was  sought. 

Identification  of  X,  was  finally  made  possil)le  by  isolating  and  identify¬ 
ing  its  periodate  oxidation  product  by  paper  chromati (graphic  and  infrared 
spectroscopic  techni(iues  as  well  as  comparing  certain  physical  characteris¬ 
tics  of  X„  with  authentic  18-hydroxydeoxycorticosterone.  This  resulted  in 
showing  conclusively  that  X,  is  20,21 -dihydroxy-1 8, 20-epoxy-4-pregnene- 
:i-one  (18-hydroxydeoxycorticosterone). 

MATERIALS  AND  METHODS 

Substance  X*  wliicli  was  used  in  this  study  was  tliat  isolated  jjreviously  (1)  with  a 
melting  point  of  108-171°.  Authentic  20-hydroxy-18,20-epoxy-4-pregnene-3-one  (18- 
hydroxyi)rog(‘sterone)  was  a  generous  gift  from  Dr.  L.  Labler  of  the  (’zechoslovak 
Academy  of  Science,  Praha.  Czechoslovakia  {ii)  while  authentic  18-hydroxydeoxy- 
eorticosterone  was  obtained  from  Dr.  Raphael  Pappo  of  G.  I).  Searle  &  Co.,  Chicago, 
Illinois  (0). 

A  small  amount  of  Xj  (450  pg.)  dissolved  in  1.0  ml.  of  methamd  was  oxidized  by  add¬ 
ing  0.05  ml.  of  a  solution  of  .500  mg.  of  sodium  metaperiodate  in  50  ml.  of  water  con¬ 
taining  2  drops  of  2X  sulfuric  acid.  After  standing  at  room  temperature  in  the  absence 
of  light  for  18  hours  the  reaction  mixtun*  was  extracted  with  dichloromethane.  After 
washing  the  latter  with  10%  soelium  hyelreesulfite  in  0.5X  sodium  hyelroxide  anel  then 
with  water  te»  neutrality,  the-  neutral  extract  was  bremght  tei  elryness  uneler  re'eluce'd 
pre'ssure*.  The*  residue  was  use'el  as  is  deseribe'd  in  the  results  seadion  below.  Chreunie;  aciel 
oxidatiem  of  IS-hyelroxypreegestereme  was  e-arrieel  out  by  dissolving  1.0  mg.  e)f  this  sub- 
.staiie-e'  in  2.0  ml.  of  a  solutiem  etf  1.50.0  mg.  chreunium  trioxiele  dissedveel  in  .50.0  ml.  of 
glacial  acetic  aciel.  After  staneling  at  reiemi  temperature  fe»r  15  minute's  the  re-aetiem  mix¬ 
ture'  was  e'xtrae'teel  with  eliehloreunethane  and  the  latter  washe'el  with  colei  IX  soelium 
hydreexieh'  fedleewe'el  by  water  to  ne'Utrality.  The  neutral  extract  was  workeel  uj)  in  the* 
same'  manne'r  as  feir  the  ne'utral  extract  of  X*  oxielized  above. 

The'  pape'r  e'hreunatejgraphic  me'thods  emidem'd  feer  the  separation  e)f  the  re'ae'tieui 
proelucts  of  eexielation  were'  the  Zaffaroni-  (7)  e»r  Bush-type  (8)  systems.  The'se'  were' 
run  .'it  2K°  in  a  e-enistant  te'mj)e'rature'  e'abine't.  In  all  e-ase's  the  eleve'leepe'el  ehreunateegrams 
we're'  se-amu'e!  with  ultraviolet  light  anel  spraye'el  with  10%  ae}ue'e)us  seeelium  hyelreexide 
(XaOH  re'agent)  (8)  in  eereler  te»  visualize'  the'  peesitiem  e»e'e'uj)ie'ei  by  the  eeunieeninels  em 
the'  e'hreunateegnims. 

RESULTS 

The  neutral  re.sidue  olttained  from  the  oxidation  of  4.50  pg.  of  Xa  (oxidized 
X„)  wa.'s  chromatographed  in  the  ligroin  propylene-glycol  .system  for  64 
hours  (100%  impregnation  with  propylene-glycol).  One  distinct  zone 
absorbing  ultraviolet  light  was  visualized  which  had  a  relative  mobility  of 
0.40  when  deoxycorticosterone  was  etpial  to  1.  A  .sample  strip  cut  from  the 
main  limb  of  the  chromatogram  showed  this  zone  to  be  strongly  fluore.scent 
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after  spraying  witli  tlie  XaOH  reagent.  After  rechromatofjirapliy  of  tlie 
eliiate  in  the  same  system  in  order  to  ensure  its  purity,  aliquots  of  the 
ultraviolet  liglit  alisorliing  material  were  run  in  the  Bush  B3  and  the  cyclo¬ 
hexane  formamide-henzene  (20%  impregnation  with  formamide)  systems. 
In  these  systems  oxidized  Xj  had  a  relative  mobility  of  0.90  and  0.93 
respective!}’  when  the  mobility  of  deoxycorticosterone  was  equal  to  1.  In 
each  case  only  one  spot  absorbing  ultraviolet  light  could  be  visualized  on 
the  paper  chromatograms  which  coincided  exactly  with  the  spot  giving  a 
good  soda  fluorescence  after  spraying  with  the  XaOII  reagent.  Oxidized  Xj 
readily  crystallized  from  methanol  in  the  form  of  rosettes  or  tufts  and  had  a 
melting  point  of  221-229°  (uncorrected).  In  contrast  to  the  original  X,, 
this  product  no  longer  gave  a  positive  PS  reaction  and  afforded  infrared 
.spectrum  B  (KBr  pellet)  shown  in  Figure  1. 
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Fig.  I.  'I'raciiin  <»f  KHr  infrared  spectra  on  IVrkin-Elmer  infracord  spectrophotometer. 
.V.  lactone  from  lS-hydroxyi)ronesterone.  R,  lactone  from  X2. 


The  chromic  acid  oxidation  product  of  1.0  mg.  of  18-hy<lroxy proges¬ 
terone  (see  Methods)  was  chromatographed  in  the  ligroin  propylene-glycol 
system  as  in  the  above  for  oxidized  X^  and  isolated.  The  mobilities  of  this 
product  when  run  singly  or  admixed  with  oxidized  Xj  in  the  different 
chromatographic  systems  mentioned  were  identical  with  those  given  for 
oxidized  X„.  Its  melting  point  as  well  as  its  infrared  spectrum  were  identical 
to  that  ol>tained  for  oxidized  X,  (cf.  Fig.  1,  Spectrum  A). 

Further  proof  establishing  the  structure  of  Xj  was  obtained  after  receipt 
of  the  authentic  18-hydroxydeoxycorticasterone.  The  infrared  spectrum  of 
this  compound  (KBr  pellet)  was  almost  .superimposable  on  that  reported 
for  X,  (1)  except  that  the  1745  cm.~l  band  was  much  weaker  while  no  band 
was  observed  at  1720  cm.“'  (1).  Both  authentic  18-hydroxydeoxy corticos¬ 
terone  and  X;  had  identical  mobilities  in  the  toluene  propylene-glycol, 
Bush  Bs  and  Bs  chromatographic  .systems.  X^o  separation  of  the  compounds 
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was  obtained  wlien  they  were  run  in  these  systems  as  admixtures.  Periodate 
oxidation  of  18-liydroxydeoxycorticosterone  also  yielded  a  product  iden¬ 
tical  in  mobility  and  having  the  same  infrared  spectrum  as  oxidized  X2. 

Finally,  the  products  ol)tained  from  the  acetylation  of  X2  and  authentic 
IS-hydroxy deoxycorticosterone  in  pyridine  and  acetic  anhydride  for  Ki 
hours  at  room  temperature,  had  identical  mobilities  when  run  as  single 
substances  or  as  admixtures  in  the  Hush  B2,  H3  and  the  cyclohexane 
forma mide-benzene  .systems  (40%  impregnation  with  formamide)  (0.00, 
1.0")  and  1.25  respectively,  when  the  mobility  of  corticosterone-2 1-mono- 
acetate  was  ecpial  to  1).  The  mobility  behavior  of  acetylated  X2  and 
IS-hydroxydeoxy corticosterone  was  that  which  could  be  expected  from  a 
monoacetate  because  had  the  diacetate  been  formed,  a  compound  much  less 
polar  than  corticosterone-21-monoacetate  would  have  been  obtained.  This 
conclusion  is  also  based  on  the  findings  of  Pappo  (0)  that  a  monoacetate  is 
formed  when  IS-hydroxydeoxycorticosterone  is  acetylated  as  above  and 
yields  the  21-monacetate  derivative  (2S). 

These  findings  are  at  variance  with  our  former  report  (1)  in  which  it  was 
concluded  from  equivocal  infrared  data  that  no  free  hydroxyl  groups  were 
present  on  compound  X,  after  acetylation  with  acetic  anhydride  in 
pyridine.  A  hydroxyl  band  should  have  been  registered  in  the  H500  cm.“' 
range  of  the  spectrum  had  the  X^  acetate  KHr  prism  been  made  correctly. 

DISCUSSION  AND  CONCLUSION 

The  identification  of  X,  was  arrived  at  firstly  by  the  preparation  of  a 
lactone  (Fig.  1)  obtained  as  the  oxidation  product  of  IS-hydroxydeoxy- 
corticosterone  and  IS-hydroxy progesterone.  Although  the  optimal  reaction 
conditions  for  the  oxidation  of  small  amounts  of  these  two  compounds  were 
not  studied  a  sufficient  quantity  of  the  lactone  was  obtained  to  permit  the 
recording  of  several  of  its  phy.sical  constants.  These  were  in  accord  with 
those  reported  by  Kahnt  et  al.  (9)  and  those  communicated  to  us  by  Xeher 
(10)  for  lS-hydroxy-H-keto-4-etien-20-oic  acid  20,lS-lactone. 

The  melting  point  and  infrared  spectrum  of  the  lactone  obtained  as  the 
oxidation  product  of  IS-hydroxy  progesterone  in  this  study  differed  from 
that  given  by  a  lactone  obtained  by  Pappo  (0)  after  the  oxidation  of  IS- 
hydroxy  progesterone.  This  is  due  to  the  fact  that  in  the  latter  in.stance  the 
oxidation  of  IS-hydroxyprogesterone  was  carried  out  with  chromic  acid  in 
pyridine  (ti)  and  yielded  :b20-diketo-4-pregnen-18-oic  acid  existing  as  the 
tautomeric  hydroxy-lactone.  On  the  other  hand,  oxidation  of  IS-hydroxy- 
progesterone  with  chromic  acid  in  glacial  acetic  acid,  as  in  the  present 
experiment,  yielded  in  the  neutral  fraction  the  21-demethylated  20,18- 
lactone.  This  finding  is  in  accord  with  that  reported  by  Schmidlin  and 
Wettstein  (29)  who  were  able  to  isolate  ll)3-acetoxy  lS-hydroxy-:i-keto- 
4-etien-20-oic  acid  20,18  lactone  after  oxidizing  11/3-acetoxy  18-hydroxy- 
progesterone  with  chromic  acid  in  glacial  acetic  acid.  Additional  evidence 
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tliat  the  structure  ascril)e(l  to  the  lactone  isolated  in  this  study  is  correct 
was  also  deduced  from  the  report  that  reacting;  IS-hydroxydeoxycorti- 
costerone  with  lead  tetraacetate  ((>)  yielded  lS-hydroxy-3-keto-4-etien-20- 
oic  acid  20,l!^-lactone  whose  infrared  spectrum  is  iii  accord  with  those 
shown  in  Figure  1.  The  significance  of  the  weak  and  rather  broad  absorp¬ 
tion  band  at  HoOO  cm.“'  which  can  be  seen  (Fi^.  1)  is  unknown  at  present. 
There  is  the  possibility  that  this  band  was  due  to  traces  of  water  which 
were  not  removed  when  the  KBr  pellets  were  prepared. 

Final  confirmatory  evidence  making  the  identification  of  X,  unecpiivocal 
was  obtained  with  authentic  fS-hydroxydeoxy corticosterone.  Although 
slight  differences  Mere  noted  in  the  infrared  spectra  of  the  tMo  substances, 
possibly  due  to  different  polymorphic  states  of  the  tuo  compounds,  other 
physical  characteristics  such  as  paper  chromatographic  mobilities  of  the 
free  and  acetylated  compounds  and  the  periodate  oxidation  proudcts  of  the 
free  compounds  in  several  solvent  .systems.  Mere  identical.  The  ob.servation 
that  the  1720  cm.”'  band  Mas  absent  from  the  authentic  18-hydroxydeoxy- 
corticosterone  infrared  spectrum  lends  support  to  the  possibility  as  re¬ 
ported  previously  (1)  that  this  l)and  shoMii  in  the  spectrum  of  is  an 
artifact.  Therefore,  in  spite  of  these  and  other  small  physical  differences 
ob.served  betMeen  X..  and  authentic  IS-hydroxydeoxycorticosterone,  the 
main  body  of  evidence  pre.sented  appears  to  be  con.sonant  M'ith  the  con¬ 
clusion  that  X,  is  IS-hydroxydeoxycorticosteione.  With  these  data  there¬ 
fore,  the  identificaMon  of  X„  has  been  a.ssured. 

Of  importance  too  in  the  present  study,  is  the  fact  that  IS-hydroxydeoxy- 
corticosteione  Mas  derived  .solely  from  endogenous  precur.sor(s)  such  as 
cholesterol  (11,  12)  aiul  conclusively  shoMs  that  this  steroid  is  a  natural 
substance  produced  by  rat  adrenal  tissue.  Fvidence  Mhich  has  been 
obtained  by  the  C'iba  group  hoMever  (h)  for  the  ability  of  adrenal  tissue  to 
produce  this  steroid  from  endogenous  precursor  is  ecpiivocal  since  deoxy¬ 
corticosterone  M  as  added  to  the  beef  adrenal  perfusion  medium. 

We  have  been  able  to  confirm  the  findings  of  Birmingham  and  Kurlents 
(8)  that  .VCTII  brings  about  an  increa.sed  in  vitro  biogenesis  of  X,,  and,  in 
addition,  have  observed  that  its  production  can  also  be  increased  by  the 
addition  of  adenosine-.'F, .7 '-monophosphate  and  reduced  triphosphopyr- 
idine  nucleotide  in  in  vitro  incubations  (18).  Therefore,  an  analysis  of  this 
substance  in  the  rat  by  the  PS  reaction  could  prove  useful  in  physiological 
studies  M-herein  a  response  of  the  adrenal  to  these  or  other  substances  M’hen 
administered  in  vivo,  is  determined  by  an  analysis  of  the  peripheral  blood 
corticosterone  by  fluorimetric  techniques  (14-lS). 

The  production  of  this  steroid  by  the  rat  adrenal  gland  and  its  probable 
elaboration  in  other  species  of  animals  has  been  recognized  (8,  19-2.5).  Its 
uni(iue  property  of  reacting  Mith  the  PS  reagent  Mithout  having  the  17,21- 
dihydroxy-20-keto  structure  in  the  .side  chain  has  made  it  the  .subject  of 
efforts  directed  at  elucidating  its  structure  (1,  28,  2(1).  At  pre.sent,  no 
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suitable  explanation  can  be  given  why  the  18-20  cyclohemiketal  grouping 
brings  about  a  reaction  of  IS-hydroxydeoxycorticosterone  with  the  phenyl- 
hydrazine  sulfuric  acid  reagent  of  PS.  There  is  no  chemical  reason  to 
believe  that  the  18-20  cyclohemiketal  grouping  should  facilitate  the 
formation  of  an  intermediate  glyoxal,  substances  which  can  be  produced 
with  facility  by  the  treatment  of  a-ketolic  steroids  with  cupric  acetate  (4). 
The  absence  of  a  17a-hydroxy  group  in  this  compound  more  than  likely 
precludes  a  reaction  similar  to  that  given  by  cortisol  and  cortisone  with  the 
PS  reagent.  It  has  been  postulated  that  the  latter  involves  the  formation  of 
a  yellow  3,20-  or  3,21-bisphenylhydrazone  (27)  resulting  in  the  typical 
well-known  absorption  peak  at  or  close  to  410  ni/x.  Thus,  at  present, 
18-hydroxydeoxycorticosterone  takes  rank  with  other  steroids  (27)  which 
react  with  the  PS  reagent  but  do  not  possess  the  17,21-dilndroxy-20-keto 
structure  in  the  side  chain. 

Finally,  it  must  be  emphasized  that  extreme  caution  should  be  exercised 
in  the  isolation  and  handling  of  this  steroid.  It  is  unstable,  and  especially  in 
the  presence  of  acids  dimerisation  occurs  rapidly  (28).  This  same  reasoning 
(30)  should  apply  to  attempts  at  isolating  compound  Xi  (1)  which  has  been 
postulated  as  being  a  hydroxylated  form  of  Xj.  The  latter  may  very  well 
prove  to  be  18-hydroxycorticosterone  because  of  its  mobility  characteristics 
on  paper  (1)  in  addition  to  the  fact  that  the  rat  adrenal  gland  posses.ses  a 
very  active  ll/S-ln’droxylating  enzyme  system  (25). 

Addendum 

Since  .submission  of  the  manuscript  for  publication  a  steroid  isolated 
from  the  pooled  Xi  zones  of  paper  chromatograms  has  been  found  to  be 
18-hydroxycorticosterone  as  the  cyclic  18-20  hemiketal  compound.  This 
conclu.sion  was  arrived  at  by  comparing  the  mobility  rates  of  the  free, 
acetylated  and  periodate  oxidation  products  of  Xj  with  those  obtained 
under  identical  conditions  from  standard  18-ln(lroxycorticosterone  (a 
generous  gift  from  Dr.  H.  Xeher). 
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ABSTRACT 

Studic.s  an-  ])r(‘s(‘nt(‘(l  on  the  rclativo  amounts  (»f  the  i)rotein-h(mn(l  and  the 
“free”  forms  of  insulin  in  the  sera  of  non-diahetie  subjects.  The ‘‘bound”  form 
of  insulin  was  extracted  from  sera  by  a  eationie  exehaiifje  resin  (Na"^  cycle) 
which  adsorbed  oidy  the  “bound”  form  of  insidin.  The  insulin-jjrotein  com- 
plext's  (basic  prot<‘in-insulin  complexes)  in  turn  were  elutt'd  from  the  rc'sin  by 
alkali.  The  resin  eluates,  rei)resentins  the  ‘‘bound”  form  of  insulin,  were  ex¬ 
amined  for  insulin  activity  by  the  rat  diaphragm  assay  in  the  i)re.sence  of 
adii)ose  tissin*  extracts  which,  as  it  has  been  shown,  dissociate  insulin  from  its 
complex. 

The  insulin-like  activity  pn'sent  in  the  whole  serum  is  characterized  as  the 
‘‘frt'e”  portion  of  insulin.  This  charact«'rization  resulted  from  earlier  studies 
demonstrating  that  insulin  in  its  ‘‘bound”  form  is  devoid  of  insulin  activity 
when  examiinal  under  specified  conditions. 

It  is  shown  further  that  incubation  of  whole  diluted  serum  with  adij)ose 
tissue  extract  results  in  a  significant  increase  of  gluco.se  uptake  by  the  intact  rat 
diaphragm  and  the  rat  adi|)ose  tissues.  The  increase  of  glucose  ujdake  under 
these  conditions  is  attributed  to  the  dissociation  of  the  ‘‘bound”  insulin  of 
serum  by  a  factor  or  factors  j)resent  in  tin*  adipo.se  tissue  extracts. 

The.s(>  studies  indicate  again  that  insulin  circulates  in  the  blooil  in  ‘‘fna*” 
and  ‘‘bound”  b)rms.  I'hese  two  forms  of  insulin  dififer  in  their  biological  ])roi)er- 
ti*‘s  in  that  the  “bound”  insulin  exerts  its  biological  activity  only  after  dissocia¬ 
tion  of  the  insulin  complex. 

IT  HAS  been  reported  tliat  a  portion  of  in.sulin  in  blood  circulate.s  as  a 
complex  with  other  proteins  and,  more  specifically,  basic  proteins  (1-4). 
The  insulin  complex(es)  (“bound”  insulin)  were  extracted  from  blood  by 
the  use  of  a  cationic  exchange  resin  (Na+  cycle)  and  were  eluted  from  the 
resin  by  acid  or  alkali  (4).  It  was  also  shown  that  insulin  in  its  “bound” 
form  was  devoid  of  biological  activity  when  examined  in  vitro  by  the  rat 

Hcct'ivcd  ()ctol)cr  19,  lOtiO. 
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diaphragm  assay  (4-0).  liisuliu  activity  was  demonstrated  in  these 
preparations  In'  dissociation  of  the  insulin  from  its  complex  either  by 
centrifugation  at  pH  10  (o)  or  by  incubation  of  the  insidin  complexes  with 
adipose  tissue  extracts  ((>). 

The  present  communication  reports:  1.  Studies  on  the  relative  amounts 
of  the  “bound”  and  “free”  forms  of  insulin  in  the  sera  of  non-diabetic 
subjects;  II.  Data  which  show  that  insulin  in  its  “bound”  form  in  whole 
sera,  as  in  purihed  blood  preparations,  (0)  can  be  dissociated  in  vitro  by 
incubation  with  extracts  from  adipose  tissue.  This  results  in  a  marked 
increa.se  of  insulin-like  activity  over  that  due  to  the  “free”  insulin  present 
in  sera. 

The  following  systems  of  insulin  a.s.say  have  been  used  in  the  above 
studies:  I.  Determination  of  the  amounts  of  “bound”  and  “free”  insulin  in 
.sera  were  carried  out  by  the  rat  diaphragm  a.ssay  as  described  by  Vallance- 
Owen  and  Ilurlock  (7).  ^^’hole  undiluted  .sera  were  u.sed  for  the  assays,  and 
the  re.sults  were  expres.sed  in  micro-units  of  insulin  per  milliliter  of  .serum. 
II.  Dis.sociation  of  the  “bound”  form  in  whole  serum  by  adipo.se  tissue 
extracts  was  studied  both  by  the  u.se  of  a  modihcation  of  the  diaphragm 
assay  (S)  and  by  a  modification  (9)  of  the  original  adipo.se  ti.s.sue  assay  of 
•Martin  ct  al.  (10)  In  the.se  studies  .sera  were  diluted  with  buffer  before  the 
assay,  and  the  re.sidts  were  expressed  in  terms  of  glucose  uptake  by  the  rat 
diaphragm  or  by  the  rat  adipo.se  ti.s.sue. 

The  “bound”  form  of  insulin  was  extracted  from  sera  by  u.sing  acationic 
exchange  resin  (Xa+  cycle)  which  adsorbed  only  the  “bound”  form  of 
insulin  (4).  The  in.sulin-protein  complexes,  in  turn,  were  eluted  from  the 
re.sin  by  alkali  (4)  and  were  examined  for  insulin-like  activity  in  the 
presence  of  adipose  ti.ssue  extracts  (0).  The  portion  of  insulin-like  activity 
a.s.sayed  directly  in  the  whole  .serum  was  considered  “free”  insulin.  This 
supposition  is  based  on  the  ob.servation  that  “bound”  insulin  is  devoid  of 
activity  (4~())  when  assayed  by  the  rat  diaphragm  a.s.say  used  in  this  study. 

The  results  presented  in  this  communication  indicate  again  that  insulin 
circulates  in  the  blood  in  “free”  amd  “bound”  forms.  These  two  forms  of 
insulin  differ  in  their  biological  properties,  in  that  the  “bound”  insulin 
exerts  its  biological  activity  only  after  dissociation  of  the  insulin  complex. 
It  appears  as  though  the  “bound”  form  of  insulin  in  blood  serves  for  the 
transport  of  insulin  in  a  biologically  inactive  form.  The  storage  of  insulin  in 
human  and  bovine  pancreas  in  a  complex  form  with  other  proteins  has 
been  reported  elj^ewhere  (11). 

M.\TEUI.XLS  AM)  -METHODS 

Ihtermiuntion  of  “Hound"  and  “Free"  I nsulin-Like  Artivitif  in  the  Strum  of  Son-Dia- 
hftirs. 

Oni*  hundn'd  to  200  ml.  of  whole  blood  were  eolleeted  from  each  non-diabetic  .‘subject. 
'I’he  blood  was  allowed  to  clot,  and  tin*  serum  was  separated  by  centrifugation  at  4000 
r.p.m.  for  .40  minutes. 
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Kach  scrum  was  i)assc(l  tlirounH  a  cationic  c.\clianf;c  resin  (Xa+  cycle)  column, 
3.5X10  cm.,  containing  one-half  the  scrum  volume  of  wct-l)owcx-50X8  rc.sin,  pH  0.4 
±0.2,  at  a  rate  of  10-15  ml.  i)cr  minute.  Following  the  passaKi*  of  the  scrum,  the  resin 
column  was  washed  with  1  resin  volume  of  0.15  .M  XaCl.  The  “hound”  insulin  adsorbed 
in  the  resin  was  eluted  with  1  rc.sin  volume  of  O.lX’  XH^OH.  followed  by  a  washing  with 
1  resin  volume  of  cold  distilled  water.  The  ammonium  hydroxide  eluate  and  the  wash 
were  colh‘ct(“d  under  continuous  stirring  in  1  5  resin  volume  of  0.2X  H'.S()4.  adjusted  to 
pH  2.0,  in  order  to  avoid  a  long  exposure  of  the  insulin  to  a  high  pH.  The  final  j)H  was 
adjuste<l  as  soon  as  ])ossible  to  7.2 ±0.4.  The  eluate  was  lyophilizi'd  from  the  frozen 
state.  The  dry  material  was  <lissolved  with  distilled  water  to  the  volume  desin'd  for  the 
assay,  usually  ^  to  g  the  original  serum  volume.  'I'he  eluates  and  the  sera,  after  resin 
treatment,  were  dialyzed  at  2°  ('  for  IS  hours  against  20  to  30  volumes  of  (lev  and  (ley 
bicarbonate  buffer,  twice,  before  the  assay.  The  resin  eluates.  containing  the  “bound” 
insulin,  were  incubatt'd  for  30  minutes  at  37°  C  with  rabbit  or  rat  adijm.se  tissue  extract 
and  assayed  for  insulin-like  activity  as  described  elsewhere  (0). 

A  portion  of  the  serum  befon*  and  after  passage*  through  the  r«‘sin  column  also  was 
assaye'd  for  insulin-like  activity  by  the  rat  diai)hragm  tissue  assay  (7).  The  re.sin-treated 
sera  w(>re  dialyzed  overnight  against  (ley  and  (ley  bicarbonate  buffer  prior  to  insulin 
assay  in  order  to  restore  lost  electrolytes  adsorbed  on  the  resin. 

Assays  for  in.xulin-lik*'  activity  in  the  study  of  the  ratio  of  “bound”  and  “free”  insulin 
in  serum  were  carried  out  in  triplicate  by  the  rat  fliaphragm  as.say  as  described  by  Val- 
lanc*‘-(4wen  and  Hurlock  (7). 

Examination  of  I nsnlin-Like  Artivity  in  W  hole  Seram  in  (he  Presence  of  Rabhit  Adipose 
Tissue  Extracts 

Whole  st-rum  Collected  from  2-4  non-diabetic  donors  was  pooled  and  diluted  with 
Krebs  bicarbonate  buffer.  Dilutions  of  the  pooled  sera  were  assayed  for  insulin-like  ac¬ 
tivity  with  and  without  rabbit  adipose  tis.sue  extract.  Perirenal  adipose*  tissue  collect»*d 
from  rabbits  was  homogenized  in  Krebs  bicarbonate  buff(*r  by  a  Teflon  tissue  grinder, 
using  tin*  method  previously  described  for  the  pr(*paration  of  rat  adii)ose  tissue  extracts 
(b).  After  centrifugation,  the  supernatant  fluid  was  stored  at  —20°  C.  One  milliliter  of 
this  rabbit  adipose  tissue  extract  containing  0.05  to  O.l  mg.  of  nitrogen  was  added  to  10 
nd.  of  serum  dilution  to  be  tested. 

D(*t(*rminations  of  the  glucose  ujdake  in  the.se  studies  were  carri(*d  out  with  modifica¬ 
tions  of  both  the  rat  diai)hragm  and  the  rat  adipose*  tissue  assay,  as  d(*.scrifM*d  below. 

Rat  Adipose  Tissue  Assai/  (The  assay  us(*d  was  a  modification  by  Heig<*lman  (9)  of  tin* 
original  assay  of  Martin  et  al.  (10). 

Adiirose  tissue  st*gments  (40-50  mg.)  of  male  Wistar  rats  (120-240  gm.)  were  used. 
The  incubation  m»*dium  volume  was  2  ml.  per  beaker,  incubation  proc(*(*dt*d  for  2-()  hours 
at  30.5°  ('  under  95%  02-5%  ('O^.  (llucose  determinations  utilizing  the  Somogyi-Xelson 
m(*thod  wen*  i)(*rformed  following  incubation.  The  difference  b(*tween  the  glucose  content 
of  medium  from  beakers  containing  adipose  tis.sue  and  identical  medium  from  “blank” 
beak(*rs  containing  no  tissue  constituted  glueo.se  uptake.  The  valu(*s  for  glucose  uptak** 
p(*r  gram  of  adipost*  tissue  are  expn*ssed  as  the  logarithm. 

Rat  Diaphragm  Tissue  Assay  (8):  Xon-fasted  male  Wistar  rats  weighing  90-150  gm. 
were  stunm*d  by  a  blow  on  the  head  and  killed  by  decaj)itation.  The  diaphragm  was 
removed  intact,  blotted  on  filt<*r  i)ai)er,  the  thick  posterior  portion  removed,  ami  remain¬ 
ing  eoniiective  tissue  and  blood  vessels  W(*r(*  trimmed  off.  The  diaphragm  was  then 
(piarten*d.  and  cpiarters  wen*  placed  into  25  ml.  flasks  containing  2  ml.  of  medium.  Tin* 
flasks  were  stoppered  and  individually  gassed  for  5  minutes  with  95%  (>2,  5%  ('(>2  whih* 
being  shaken  at  room  temperature  (23-27°  C).  Fpon  completion  of  gassing,  tin*  incubator 
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teinperaturi'  was  brought  uj)  to  37°  (',  and  the  flasks  wcro  shakon  at  a  rate  of  90  C3cles 
per  minute  for  90  minutes. 

At  the  end  of  tlie  ineidiation  period  the  tissue  was  nunoved  from  the  flasks,  blotted, 
drie<!  for  2  hours  at  100°  (’  and  weighed  on  a  torsion  l)alanee.  One  ml.  alicjuots  wen;  re¬ 
moved  from  the  flasks,  i)reeipitated  with  Ba(OII)2  and  ZnS04,  and  the  glucose  eoneentra- 
tion  was  iletermined  bj'  a  glueose-oxidase  method  (12). 

The  incubation  medium  consisted  of  F\reb.s-Hing(>r-bicarbonate  bulfer  containing 
130  mg.%  glucose.  Smum  dilutions  were  also  performed  with  this  buffer.  .Vll  incubations 
included  20  flasks,  divided  into  4  groups,  each  group  consisting  of  a  non-tissue  control 
and  four  flasks  containing  a  cpiarter  diaphragm  each.  Tissue  from  each  of  the  four  rats 
used  per  experiment  was  includeil  in  each  group  of  flasks.  (Jlucose  utilization  was  calcu- 
latt'd  in  terms  of  micrograms  glucose  utilized  p(‘r  10  mg.  diaphragm  (drv  weight). 

EXPERIMENTAL  RESULTS 

''Hound”  and  "Free”  Insulin-Like  Aetivittj  in  Xon-Diahetie  Sera 

The  results  of  the  studies  ou  tlie  ratio  of  “liouud”  aud  “free”  iusulin-like 
activity  are  summarized  in  Table  1.  There  is  a  large  variation  in  the  ratio  of 
“hound”  and  “free”  insulin-like  activity  among  the  individual  non- 
diabetic  donors.  Following  passage  of  the  sera  through  the  resin  column, 
the  “free”  in.sulin-like  activity  remained  in  the  resin-treated  sera. 

The  values  reported  in  Table  1  should  be  regarded  as  the  minimum 
amounts  of  “bound”  insulin  in  .serum.  Lo.sses  of  “bound”  insulin  may 
result  from  the  effort  to  adsorb  the  insulin  complexes  on  the  cationic 
exchange  resin  (Xa+  cycle)  and  in  turn  to  elute  and  concentrate  the  indi¬ 
vidual  preparations. 

Ineuhation  of  Whole  Serum  with  Rabbit  Adipose  Tissue  Extraets 

Pooled  samples  of  whole  .serum  obtained  from  non-diabetic  subjects  2-5 
hours  after  a  meal  were  employed  in  these  studies.  The  sera  were  diluted 

Table  1.  ••Boi  ni)"  and  “kree”  insi  li-x-like  activity  (IL.\)  in 

THE  SERA  OK  NON-DIABETIC  SI  B.IECTS 


In.siiliii-likc  activity  in  iiu.  i)cr  ml.  Scrum 


Serum 

Xo. 

Whole  serum  ■ 
before  resin  I 
treatment 
(‘‘free”  IL.\)  j 

Resin  ehiates*  ; 
plus  ATE  1 
(‘‘bound” 
II.A) 

Whole  siTiim 
after  resin 
treatment 
(“free”  ILA) 

Total 

insulin-lik(‘ 

activity 

Ratio 

‘‘bound”/ 

“free” 

1 

220 

104 

•27’) 

420 

0.87 

2 

475 

23 

40.5 

408 

0.0.5 

ii 

227 

800 

1027 

3.. 50 

4 

70 

214 

100 

284 

3.00 

5 

18.5 

122 

104 

307 

0.70 

ti 

12 

400 

412 

33 

7  1 

04 

27») 

12.5 

340 

4 

8 

<  10 

108 

108 

10.80 

!» 

<  10 

300 

1 

300 

30 

10 

342 

28 

370 

0.08 

*  Determinations  of  insulin-like  activity  were  carried  out  in  the  presence  of  rat  or  rabbit 
adipose  tissue  extraets. 
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Table  2.  (Jlitose  i  ptake  bv  kat  uiai-hracm  tissi  e  kollowint.  ixctbatiox  of 

WHOLE  SERI  M  WITH  AXI)  WITHOI  T  RABBIT  ADIPOSE  TISSt  E  EXTRACTS*  (ATE) 


Pooled  serat 

1 

No. 

of 

assays 

1 

Mean  glucose  uptake  in  mK'IO  mg. 
dry  diaphragm  ±  S.I'). 

“p” 

('omparison  of  serum 
plus  ATI')  with 

Serum 

alone 

Serum 
])lus  .\TE 

_i 

C’ontrol 

ujitake 

1 

Serum  alone 

Buffer 
control 
l)lus  .\TE 

Pool  lU 

It) 

102  ±7§ 

28:4  ±  8 

<  .01 

<.01 

Pool  Hit 

lit 

05  ±  .5 

102+0 

<  .01 

<  .01 

Pool  IVJ 

20 

25  ±8 

100  ±8 

<  .01 

<  .01 

Pool  Vt 

ATE  alone 

Krebs  Buffer  alone 

4 

15 

54 

tiO  ±  7 

1.54+8 

2:i±  5 
154  +  1 1 

>  .02.  <  .05 

<  .01 

*  0.05  to  0.1  iHK.  nitrogpii  pt-r  ml.  inciihatiiiK  nipdiuni. 

t  Pooled  non-diahelie  sera  (5  to  4  doiiors). 

+  All  sera  were  diluted  1/dO  with  Krebs  bicarbonate  buffer. 

§  Calculated  as  net  glucose  uptake  above  control  (buffer  alone). 

with  Krebs  Iticarboiiate  Ituffer  and  were  assayed  witli  or  witliout  tlie 
presence  of  rabliit  adipose  tissue  extract  the  same  day.  One  milliliter  of 
rabbit  adipose  ti.'^sue  containing  0.0.5  to  0.1  mp;.  of  nitrogen  was  added  to 
10  ml.  of  incubating  medium. 

Determinations  of  the  glucose  uptake  in  these  studies  were  carried  out 
both  with  a  modification  of  the  rat  diaphragm  tissue  assay  (S)  and  with  the 
adipo.'^e  tissue  assay  (9). 

Results  Obtained  by  the  Rat  Diaphragm  Assay:  The  results  of  these 
experiments  are  .summarized  in  Table  2.  A  significant  increase  in  gluco.se 
uptake  was  ob.served  with  each  serum  when  incubated  with  rabbit  adipo.se 
ti.ssue  extract.  The  increase  in  glucose  uptake  depends  on  the  concentration 
of  the  adipo.se  tis.sue  extract  as  is  shown  in  Table  11  and  Figure  1.  Figure  1 
also  demonstrates  the  similar  relationship  of  the  concentration  of  rabbit 
adipose  tis.sue  extract  to  the  glucose  uptake  of  diluted  .serum  and  that  of 
rat  adipose  tissue  extract  to  the  glucose  uptake  of  purified  insulin  com¬ 
plexes  extracted  from  serum  with  cationic  exchange  resin  (Xa+  cycle)  ((>). 

Storage  of  the  crude  rabbit  adipo.se  tissue  extract  at  5°  C  for  IS  hours 
resulted  in  a  significant  loss  of  activity  (Table  4).  Loss  of  activity  during 

Table  5.  The  effei  t  of  dili  tiox  ox  the  aitivitv  of  rabbit  adipose 

TISSI  E  EXTRACT  (.X'l'E) 


Spnim*  j)liis  rabbit  .-\TI0  in  mK-  nitrogen 


Serum 

alone 

per  ml. 

incubating  medium 

1  MK  1 

3.:4  mk 

10  MU 

20  mU 

100  MU 

Mean  gluco.se  uptake  in  ufi' 

10  mg.  dry  diaphragm  ±S.  E. 
No.  of  assays 

i 

:40±iot 

1.5 

1 

1  :{7±:4 

8 

88  ±0 

8 

105  +0 
10 

i:40+:4 

8 

1 .55  + 

8 

*  Dilntpcl  1 /at)  with  Krebs  bicarbonate  buffer. 

+  Calcnlateil  as  net  glucose  uptake  above  control  (buffer  alone). 


1 .55  ±  .5 
8 
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Fig.  1.  (tluc<»s(‘  uiitako  hy  rat  diaphraf!;!!'  follow  in?;;  incubation  of  i)uriKc(l  blood  insulin 
complexes*  and  diluted  serum**  with  various  concentrations  of  adipose  tissue  extracts. 
The  protein  concentration  of  the  incubating  medium  is  api)ro.\imately  2  ms  per  ml. 
mt'dium  for  the  diluted  serum  and  O.IS  ms.  per  ml.  medium  for  the  i)urified  blood  insulin 
complexes,  fine  ml.  of  the  purified  pri'paration  represents  about  4  ml.  of  undiluted  serum. 

*  Determinations  of  shicose  uidake  were  made  by  the  rat  diai)hrasm  assay  as  de¬ 
scribed  by  Vallance-Owen  and' Hurlock. 

**  Determinations  of  shicose  uptaki*  were  made  by  a  modification  of  the  rat  dia- 
phrasm  assay  by  TraiHpiada  (S). 

(lialy.sis  at  o°  (’  for  IS  liour.s  could  lie  attriliiited  to  instability  of  the  extract 
under  these  conditions. 

Results  Obtained  bi/  the  Rat  Adipose  Tissue  Assaij:  The  insidin-like 
activity  of  whole  serum  is  sif^nificantly  increased  in  the  presence  of  rabbit 
adipose  tissue  extracts,  as  is  shown  in  Table  o. 

The.se  results  are  of  particular  interest  since  it  was  shown  in  previous 
studies  (4-())  that  intact  adipose  tissue  could  utilize  insulin  in  its  corn- 
plexed  form.  The  amount  of  “bound”  insulin  thus  utilized  will  depend  upon 
the  conditions  of  the  assay,  such  as  the  weight  and  the  surface  area  of  the 


Tabi.k  4.  Tuk  kkfk(  r  of  storage  (5°  (')  and  dialysis  (5°  C)  ox  the 

ACTIMTY  OF  RABBIT  ADIPOSE  TISSCE  EXTRAIT 


Serum*  alone 

Serum* 

.\Th; 

Serum  plus 
stored 
.\Ti;t 

Serum  plus 
dialvzed 

AT  Ft 

Mean  glucose  uptake  in  /ig/  10 

ing.  dry  diapliragin  ±S.l']. 

i  n4±o§ 

•Jin  ±  5 

.58  +  7 

1  ()4  +  0 

No.  of  assay. s 

8 

8 

8 

8 

*  Diluted  1 /no  with  Kreb.s  liiearbonate  buffer, 
t  Stored  at  5°  ('  for  18  hours. 

+  Dialyzed  against  Krebs  bicarbonate  buffer  at  n°  C  for  18  hours. 
§  Calculated  as  net  glucose  ipitake  above  control  (buffer  alone). 


t  ( 'oinparisoii  of  scrum  plus  A'l'IO  with  scrum  alone. 


./(////.  imi 
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adipose  tissue,  the  time  of  incubation  and  the  concentration  of  “hound” 
insulin.  It  is  possible  therefore,  as  sugpjested  from  the  results  of  Table  o, 
that  the  intact  adipose  tissue  could  utilize  only  part  of  the  “bound” 
insulin,  the  amount  depending  upon  the  conditions  of  the  assay.  Incubation 
for  four  hours  yielded  higher  differences  between  the  control  serum  and 
serum  plus  rabbit  adipose  tissue  extract  than  incubation  for  six  hours.  The 
less  significant  differences  ob.served  after  six  hours  incubation  can  be 
attributed  to  utilization  by  the  intact  tissue  of  a  larger  portion  of  the 
“bound”  insulin  in  the  control  serum. 

Rabbit  adipose  tissue  extracts  heated  for  one  hour  at  100°  C  showed  a 
significant  loss  of  activity  (Table  (5).  It  appears  that  the  components 


Table  0.  The  eekeit  <»e  heatinc;  on  the  activity  of  rabbit 
ADIPOSE  TISSCE  EXTRACT  (ATF)* 


1 

Seruint 

alone 

.Serum 

plus 

.\TK 

Serum  jilus 
heated 

\Ti:t 

•P”  ^ 

Serum  alone 
compared  , 
with  serum  ' 
plus  .\TF. 

‘•1*” 

.Serum  alone 
compared  with 
serum  plus 
lu'ated  .\TK 

Loj;  10  uluco.se 
uptake  jier  gm. 
adipo.'ie  tissue 
Xo.  of  assays 

..5.50  +  .00 
IH 

.787  ± .04 
i:i 

.OOt)  ±  .04.5 
14 

<.01 

i 

>  .05,  <  .  1 

*  4  hour  incubation  with  rat  adipose  tissue, 
t  Diluted  1  aO  with  Krebs  bicarbonate  buffer. 
X  Heated  at  100°  C  for  1  hour. 


responsible  for  the  activity  of  crude  adipose  tissue  extracts  are  sensitive 
both  to  storage  (Table  4)  and  to  heating  at  100°  C  (Table  0). 

DISCUSSION 

In  a  previous  communication  it  was  shown  that  incubation  of  purified 
blood  insulin  complexes  with  adipose  tissue  extracts  of  various  species 
re.sulted  in  an  increase  of  insulin-like  activity  in  the.se  extracts  ((>).  Identical 
insulin  complexes  assayed  in  the  absence  of  adipo.se  ti.ssue  extracts  were 
either  devoid  of  insulin-like  activity  or  demonstrated  low  insulin-like 
activity  as  compared  with  the  activity  obtained  in  the  presence  of  the 
adipose  ti.ssue  extract.  Control  experiments  showed  that  adipose  ti.ssue 
extracts  alone  were  devoid  of  insulin-like  activity.  Adipose  tis.sue  extracts 
added  to  crystalline  in.sulin  did  not  alter  the  activity  of  commercial  “free” 
insulin  (fi). 

The  increase  of  insulin  activity  in  purified  blood  in.sulin  complexes  in  the 
presence  of  the  adipo.se  tis.sue  extracts  was  attributed  to  the  release  of 
in.sulin  from  its  complex  form  through  the  intervention  of  a  factor  or  factors 
present  in  the  adipose  ti.s.sue  extracts.  The  .similarity  between  the  results 
obtained  with  whole  serum  in  the  pre.sence  of  adipo.se  tissue  extracts  and 
the  results  obtained  with  the  purified  insulin  complexes  suggests  that 
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addition  of  tlie  adipose  tissue  extract  to  the  serum  results  in  liberation  of 
the  “bound”  insulin  present  in  serum. 

The  effect  of  the  adipose  tissue  extracts  appears  to  be  related  to  the 
concentration  of  the  extract  and  the  duration  of  incubation.  The  mecha¬ 
nism  of  the  liberation  of  insulin  from  its  bound  form  in  the  presence  of 
adipose  tissue  extracts  is  not  known.  It  may  be  due  to  destruction  of  the 
protein  which  transports  the  insulin,  the  dissociation  of  the  insulin  from 
this  protein  or  other  mechanisms  thus  far  unknown. 

Crude  rabbit  adipose  tissue  extracts  stored  at  0°  C  for  IS  hours  or  heated 
at  100°  C  for  one  hour  showed  loss  of  activity.  It  appears  that  the  factors 
responsible  for  the  adipose  tissue  extract  activity  are  sensitive  to  storasP 
and  heating.  These  experiments  were  performed  with  crude  extracts.  One 
may  speculate  that  if  the  active  component  in  this  crude  extract  is  of  a 
protein  nature,  loss  of  activity  by  storage  may  be  due  to  proteolytic 
enzymes  or  bacterials  present  in  the  extract.  This  suggestion  is  supported 
by  the  observation  that  partially  purified  rat  adipose  ti.ssue  extract  (t)0% 
ethanol  .‘supernatant)  .subjecte<l  to  paper  electrophoresis  for  IS  hours  at 
0°  did  not  lose  its  activity  (b). 

The  increa.se  in  insulin-like  activity  of  .serum  in  the  presence  of  adipose 
tissue  extract  will  depend  upon  the  ratio  of  “free”  to  “bound”  insulin  in 
.serum.  Our  studies  indicate  considerable  variation  in  “bound”  insulin 
concentration  among  non-diabetic  subjects.  This  ratio  does  not  .seem  to 
repre.sent  a  purely  physico-chemical  e(piilibrium  between  “bound”  and 
“free”  insulin.  The  rate  of  dissociation  of  “bound”  insulin  in  blood  could  be 
affected  by  other  factors  such  as  those  i)re.sent  in  adipose  tissue  extracts. 
Recent  experiments  suggest  that  a  ri.se  of  blood  gluco.se  may  “trigger”  a 
mechanism  which  results  in  the  di.s.sociation  of  the  “bound”  insulin  (RI). 

The.se  considerations  suggest  that  the  transpoit  of  insulin  in  blood  by 
other  proteins  may  serve  both  to  regulate  insulin  activity  and  to  provide 
for  the  storage  of  circulating  insulin  in  a  biologically  inactive  form. 
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THK  KFFIXT  OF  A(;K  AND  THYROID  IIORMONFS 
ON  TIIF  MONOAMINE  ONIDASE  OF 
HAT  HEART 

WILLIAM  .1.  N()\  K'K,  jh.' 

I)t  partiiiriit  of  l^hiixioloqij  oiid  J^ltoniKicologn,  Duke  D iiifertfiti/  Medical  Center, 
Durham,  Sorth  Carolina 

AlW  rRA(  T 

'I'lic  activity  of  luoiioaininc  oxidase  was  studied  in  tlie  lieart  initoelioiidria 
of  iionnal  and  liypiutliyroid  rats  usiu,s>;  maiioinetric  teehiiicuK's.  A  definite  ap' 
effect  was  observed  in  normal  rats  with  an  increase  from  O-trace  activity  in 
post-natal  to  approximateh'  lOOO^d.  Oj  c(»nsumed  }rram  hour  in  5  tiOO  f^rain 
rats.  ])esiceat<“d  thyroid  <liet  (2%)  and  L-triiodothyroinne  ])roduced  an  in¬ 
crease  in  heart  monoamim*  oxidast*  activity  of  from  70  to  200^f  depcMidiufi 
111)011  the  a^e  fjroup  of  the  animals  used.  n-Triiodothyronim'  did  not  have'  this 
stiiniilatiiifj  effi'ct  whim  used  at  ecpiimolar  doses.  'I'Ik'  effect  of  oxymm  tension 
on  tlu'  oxidation  rate  of  tyramim*  is  different  for  the  heart  and  livi'r  enzymes. 

TID’ROH)  liorinone  causes  a  iiuniher  of  cliaiifjies  in  enzyme  activity 
(1).  In  particular,  Zile  and  Lardy  produced  a  decrease  in  rat  liver 
monoamine  oxidase  (MAO)  by  feeding  desiccated  thyroid  (2).  Zile  further 
reported  the  same  results  iisinp;  thyroxine  and  .several  thyromimetic  com¬ 
pounds  (d).  Zile  also  reported  that  the.se  thyromimetic  compounds  produced 
no  measureable  chanjre  in  heart  MAO  (d). 

The  present  study  does  not  fully  support  the  findings  of  Zile.  We 
obtained  significant  increases  in  lieart  MAO  after  administration  of 
L-triiodothyronine  (LT8)  (Smith,  Kline  French  Laboratories)  or  des¬ 
iccated  thyroid  diet  (2%).  There  was  also  an  increa.se  in  MAO  activity  of 
the  heart  from  the  time  of  weaning  to  old  age.  The  effect  of  LT3  was 
greater  in  the  younger  animals  which  had  a  normally  low  MAO  activity. 
The  increase  in  heart  MAO  was  not  produced  with  equivalent  doses  of 
d-triiodothyronine  (DTli)  (Smith,  Kline  &  French  Laboratories). 

It  was  also  found  that  the  oxidation  rate  of  tyramine  by  the  heart 
enzyme  was  doubled  when  the  oxygen  tension  was  raised  from  20%  to 
100%  but  that  of  liver  was  tripled. 

METHODS  AXD  M.\TERI.\LS 

The  source  of  enzynu'  was  washed  mitochoiulria  j)repare(l  acconlinu  to  Schneider  (4). 
Rats  (Duke  colony  of  Dsl)orn  &  .Meiidle  .strain)  were  killed  by  a  blow  on  the  head,  de- 
capitated  and  the  heart  and  liver  were  removed  iuid  jilaced  in  crushed  ice.  .Vfter  the 
tissues  were  cooled,  blotted  dry,  and  weif^hed,  they  were  minced  with  scissors  and  placed 
in  cold  sucro.se  (0.2.5  .M.).  The  liver  was  homogenized  in  a  Pottc'r-Klvehjem  homogenizer 
at  a  ju  to  jg  <lilution.  Heart  was  homogenized  first  in  a  Waring  Blender  using  cold 
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sucrose  and  then  was  hoinonenized  in  a  Potter-Klvehjem  hoinogenizer.  Hotli  liomosenates 
were  eentrifuse<l  at  HOOXf?-  f<)r  15  minutes  at  3-4°  C  in  an  International  Refrigerated 
('entrifuge.  This  stej)  was  repeated  and  the  eomhined  supernates  were  then  si)un  at 
U),00()Xg.  for  20  ininut(‘s  in  a  Servall  SuptTspeed  Centrifuge  kept  at  4-S°  ('.  'I'his  sti'p 
was  also  rep<‘at»“d  and  tin*  pellets  were  taken  up  in  0.007  M.  Xa-phosphat(*  buffer,  pH  7.4. 
T1h>  final  volume  was  such  that  2.0  ee.  contained  the  (Hpuvalent  of  250-300  mg.  fresh 
weight  tissue.  In  the  ease  of  young  animals,  several  hearts  were  eomhined. 

'I'he  reaction  mixtun*  consisted  of  2.0  ee.  of  homogenate,  20  /x.M  semiearhazi(h“  in  0.2 
ee.  buffer  and  0.3  ee.  of  substrate  contained  in  the  side  arm  of  a  Warburg  flask.  The 
m<*asurement  of  oxygen  uptake  followc'd  standard  manometrie  teehni(pies.  .\11  assays 
w(‘r(“  carried  out  at  37°  C'  using  air  or  100%  ()■_.  as  the  gas  phase.  Kaeh  sample  was  also 
assayeil  for  endogenous  ()•>  uptake. 

The  use  of  semiearbazide  in  this  sy.stem  has  been  shown  to  result  in  .stoichiometric 
agreement  between  XH3  produced  and  Oj  consumed  (5).  Scunicarbazide  acts  as  a  trap 
for  the  aldehyde  and  prevents  further  oxidation  of  this  product.  We  have  shown  that 
XHs  j)roduetion  (0)  and  Oj  eonsumi)tion  are  in  agreement  in  our  system  if  air  or  100% 
()•..  is  used  as  the  gas  i)hase. 

’I'he  activities  are  rep(trted  as  jul.  ()•.•  consumed,  gram  fresh  weight  tissue  hour  calcu¬ 
lated  from  the  (X-  uptake  <Iuring  the  first  15  min.  The  specificity  of  the  assay  method  was 
checked  by  producing  100%  inhibition  of  o.xygen  uptake  with  2X10“^  M.  iproniozide 
(Hoffman-LaRoche,  Inc.)  as  well  as  2XI0~^M.  2-phenylcyclopropylamine  (Smith, 
Kline  &  Fnmch  *3S5).  It  was  further  shown  that  97-99%  of  the  expecti'd  uptake 
based  on  added  substrate  was  obtained  in  this  system,  ’hyramine  hydrochloride  at  20 
M-M  per  flask  was  used  as  the  substrate. 


RESULTS 

Kjfcct  of  Oxygen  Tension 

An  increase  in  the  rate  of  MAO  activity  with  increased  oxyfjien  tension 
has  been  reported  (7).  In  the  pre.sent  .study,  a  3.44  fold  rise  in  activity  of 
liver  MAO  was  found  when  the  gas  phase  was  changed  from  air  to  100% 
0,  (average  of  30  as.says  for  each  gas  pha.se).  However,  heart  enzyme  was 
found  to  have  only  a  1.90  fold  rise  under  the  same  conditions  (average  of 
13  assays).  The  oxygen  sensitivity  of  heart  MAO  was  not  a  function  of  age 
as  is  shown  in  Table  1. 

Ejfeet  of  Age 

Heart  has  been  reported  as  having  very  low  MAO  activity  (S).  It  was 
observed  early  in  this  study  that  differences  in  MAO  activity  of  heart  were 


TaBLK  1.  EfKKCT  UK  (>2  TENSION  <tN  .M.\()  .ACTIVITY  IN  HEART  aM)  I.IVER 


Ml. 

Oo/gm./hr.  1 

Increase 

i 

1 

Air 

100%  (>2 

(100%  (L/air) 

Liver 

(av.  30  animals) 

512 

1700 

3.44 

Heart 

100  gin. 

Rat 

05 

135 

2.08 

Heart 

150  gm. 

Rat 

135 

270 

2.00 

Heart 

200  gm. 
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obtained  in  various  groups  of  animals.  Tlie  highest  values  were  from  the 
heaviest  weight  group,  thus  a  survey  of  heart  MAO  was  undertaken  from 
newborn  to  tiOO  gram  rats.  These  data  are  graphically  represented  in 
Figure  1.  No  M.\0  activity  could  be  detected  in  the  hearts  of  new  born 


Fig.  1.  Heart  .MAO  activity  as  a  func¬ 
tion  of  a^e  (weight).  Each  jioint  n'presents 
at  least  one  animal.  Tyrainine  was  used  as 
the  substrate  and  100%  Oo  as  the  gas 
phase.  The  solid  line  is  for  reference  only 
and  was  drawn  by  eye. 


rats  (1-2  day  old)  even  though  400  mg.  samples  were  assayed.  In  .some 
cases,  homogenates  rather  than  mitochondria  were  u.sed  and  the  same 
negative  results  were  obtained.  This  lack  of  activity  remained  true  for  all 
groups  of  animals  up  to  R  weeks  of  age.  M.VO  activity  was  first  detected  by 
our  method  at  about  4  weeks  and  continued  to  rise  throughout  the  life  of 
the  rat  reaching  a  level  of  about  1,000  ghO..  gm.  hr.  at  the  maximum 
weight  tried  (610  gm.).  This  is  in  the  range  of  very  active  ti.ssues  such  as 
liver  which  has  an  activity  of  about  1,700  gl.  ()„  gm./hr.  under  similar 
conditions  (Table  1). 

// ij perth  ijro i d  St udi cs 

.Vnimals  were  .separated  into  three  age  groups:  1)  adult  rats  in  the  range 
of  200  gm.;  2)  young  rats  from  weaning  to  100  gm.  and  .4)  postnatal  to 
weaning  rats.  .Vll  groups  were  given  LT4  (1.50  gg  kg.  day  sub.c.)  or  1)T.4 
(1.50  gg  kg.  (lay  .sub.c.)  for  a  period  of  8  10  days.  ((Iroup  4  received  the 
drugs  for  1.5  days.)  A  group  of  adult  rats  was  placed  on  a  2%  desiccated 
thyroid  diet  for  12  days.  All  animals  were  .sacrificed  at  the  termination  of 
drug  administration.  Heart  MAO  was  assayed  using  tyramine  as  a  sub¬ 
strate  and  100%  ()„  as  the  gas  phase.  The  results  are  listed  in  Table  2. 

The  degree  of  hyperthyroidism  was  shown  by  a  100%  increa.se  in  BMR 
over  control  animals  when  LT3  was  administered  for  6  days.  Adult  rats 
receiving  the  2%  desiccated  thyroid  diet  had  a  BMR  of  40%  higher  than 
control  animals  at  the  same  period  of  treatment. 

Adult  rats  showed  a  small  but  significant  increa.se  in  heart  MAO  after 
administration  of  LT4  (70%  above  control  level).  However,  1)T4  failed 
to  produce  a  similar  increase  and  the  DT4  animals  remained  at  control 
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Table  2.  Heart  MAO  activity  is  the  hyi’erthyroid  state 

Kach  assay  represents  at  least  one  animal.  The  %  increase  was  ealeulated  hy;  (Kxperi- 
inental  — ('ontrol) -i-Control  X  KM). 
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00  ±22 
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.5 

0  trae<“ 

Neonatal 

I.T3 

0 

1.5 

187  ±42 

Nc'oiiatal 

I  )T3 

3 

1.5 

0  trace 

level.x.  Desiccated  thyroid  diet  produced  an  increase  in  heart  MAO  activity 
etjuivalent  to  the  LTd  study  (7o%  increa.se). 

Young  rats  (  <100  gram)  showed  a  greater  increase  in  heart  MAO  after 
administration  of  LTd  (200%  increase)  titan  the  adult  animals.  Again, 
DT8  failed  to  produce  any  change  in  heart  MAO.  Xo  attempt  was  made  to 
feed  this  group  desiccated  thyroid. 

The  most  dramatic  change  in  heart  MAO  was  obtained  in  the  postnatal 
group.  Control  animals  at  this  age  have  no  heart  MAO  activity  or,  at  best, 
just  a  trace  amount.  However,  after  LTd  was  administered  from  the  7th 
to  the  21st  day  of  life,  the  heart  MAO  activity  had  increased  to  a  level 
equivalent  to  a  170-1S0  gram  control  rat.  1)T3  was  also  found  to  give 
negative  re-sults  in  this  age  group. 

Liver  MAO  was  assayed  in  the  adult  animals  receiving  a  2%  desiccated 
thyroid  diet.  After  12  days  of  treatment,  the  activity  of  liver  MAO  was 
only  50%  that  of  control  animals  using  tyramine  as  substrate  in  air  or 
100%  Oj.  This  is  in  agreement  with  the  re.sults  of  Zile  and  Lardy  (2). 

DISCUSSION' 

The  stimulation  of  MAO  by  increased  oxj’gen  tension  is  an  interesting 
phenomenon  which  is  yet  to  be  explained.  This  increase  in  activity  is  not 
the  .same  for  all  substrates.  For  example,  serotonin  gives  only  a  1.4  fold 
increase  with  the  liver  enzyme  when  the  gas  phase  is  changed  from  air  to 
100%  O,  (9).  The  difference  in  the  oxygen  effect  between  the  liver  and  the 
heart  enzymes  when  the  same  substrate  was  u.sed  indicate  that  the  MAO 
characteristics  are  not  the  same  for  these  two  ti.ssues.  Perhaps  this  may 
help  to  explain  the  opposite  effects  of  thyroid  hormone  on  liver  and  heart 
.MAO  as  well  as  the  apparent  preferential  inhibition  of  .M.VO  in  certain 
tissues  by  inhibitors  of  this  enzyme  (10). 

Many  examples  have  been  given  of  the  lack  of  certain  enzymes  at  birth 
(9),  but  these  usually  appear  shortly  after  birth  and  rapidly  rise  to  the 
adult  level.  The  lack  of  M.\0  activity  in  heart  for  the  first  three  weeks  of 
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life  is  longer  than  that  observed  with  most  other  enzymes.  A  possible  clue 
to  the  initiation  of  enzyme  production  in  heart  is  that  it  appears  shortly 
after  weaning. 

The  increase  of  heart  .MAO  during  the  life  of  the  rat  is  not  unusual.  Other 
enzymes  have  been  observed  to  follow  the  same  pattern  in  liver  (11).  It 
may  be  of  interest,  however,  that  an  enzyme  such  as  M.VO  which  plays  a 
role  in  the  catabolism  of  catechol  amines  (12)  should  have  a  continuously 
increasing  level  in  heart. 

The  stimulation  of  heart  M.\0  by  the  hyperthyroid  state  cannot  be 
explained  at  this  time.  That  thyroid  hormones  exert  this  effect  is  sug¬ 
gested  by  the  observation  that  thyroidectomy  produced  a  ')()%  decrease 
in  heart  M.\0  activity  in  rats  (18). 

Heart  undergoes  several  basic  changes  in  the  hyperthyroid  condition 
which  include  metabolic  as  well  as  physical  changes.  The  increase  in  M.VO 
may  be  due  to  a  direct  effect  of  thyroid  hormone  to  increase  the  .synthesis  of 
heart  M.VO.  However,  it  may  be  an  indirect  effect  of  the  hypertrophy 
caused  by  the  increased  cardiac  output.  It  would  be  interesting  to  .see  if 
hypertrophy  caused  by  other  means  would  also  cause  an  increase  in  heart 
MAO  activity. 

.Vs  mentioned  earlier,  our  results  do  not  agree  completely  with  those  of 
Zile  (3).  This  might  be  explained  by  two  factors.  Their  assay  method  used 
air  as  the  gas  phase  and  thus  the  measured  activities  would  be  only  one  half 
of  those  in  our  study.  With  the  low  levels  of  M.VO  activity  in  heart,  this 
would  lead  to  difficulties  in  determining  small  differences  from  the  control. 
They  also  used  rats  of  the  225-250  gm.  range  which  we  have  shown  to  be 
relatively  in.sensitive  to  changes  in  heart  M.VO  due  to  administration  of 
LT8. 
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AHSTRA( T 

Th(“  ameboid  migration  of  human  leueocyles.  as  measuretl  in  capillary 
tubt's,  is  inhibited  by  the  addition  of  10  /ifr/ml.  of  hydrocortisone.  If  the 
h'ucocytes  are  inciibat<‘(l  with  lO/xf^/inl.  hydrocortisone,  washed,  and  then  put 
into  plasma  to  which  no  hydrocortisone  has  becui  added,  the  inhibition  still 
occurs.  If  leucocytes  are  incubated  with  10  ml.  <»f  hydrocortisone,  washed, 
and  then  ])ut  in  j)lasma  to  whi<di  10/itt  mb  of  hydrocortisone  is  added,  no  more 
inhibition  occurs  than  if  the  hydrocortisone  were  present  only  during  the  incu¬ 
bation  or  only  during  the  minration  jx-riod.  A  period  of  5  minutes  is  sufficient 
for  the  incubation  with  hydrocortisone  to  cause  an  inhibition  in  leucocyt<‘  mi- 
fjration.  Incubation  of  leucocytes  with  the  hydrocortisone  is  effective  in  a 
non-i)rotein  salt-solution,  as  well  as  in  plasma.  This  jxhysiolosical  evidence  of 
the  f)indinn  of  hydrocortisone  by  leucocytes  in  vitro  is  substantiated  by  the 
detection  of  radioactivitj’  in  leucocytes  after  incubati(tn  with  hydrocortisone- 
4-C'b 

THF  ameboid  migration  of  human  leiicoevte.s  in  capillary  tubes  has 
been  shown  to  be  inhibited  by  relatively  low  concentrations  of  hydro- 
corti.sone  (1).  Several  lines  of  reasoninfi;  suggest  that  the  hydrocorti.sone  is 
acting  in  its  capacity  as  a  hormone,  rather  than  in  a  non-specific  manner. 
These  rea.sons  are  (1)  steroids  with  similar  chemical  structures  which  have 
no  known  intrinsic  biological  activity  or  activity  of  a  different  nature,  such 
as  tetrahydrocortisone  and  de.soxycorticosterone,  were  not  effective;  (2) 
hydrocortisone  was  effective  in  relatively  low  concentrations  (1-10  /ug/ml.) ; 
and  (;i)  hydrocortisone  from  .several  manufacturers,  and  in  either  the  free 
form  or  as  the  sodium  succinate  derivative,  was  effective,  thus  decreasing 
the  possibility  that  a  contaminant  in  the  hydrocortisone  could  be  respon¬ 
sible  for  the  effect. 

The  observation  that  hydrocortisone  inhibited  the  ameboid  migration 
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of  leucocytes  was  made  on  leucocytes  migratinfj  in  plasma  to  which 
hydrocortisone  had  been  added.  In  an  attempt  to  gain  some  understanding 
of  the  mechanism  by  which  a  hormone  affects  a  complicated  physiological 
process  such  as  ameboid  motion,  a  further  series  of  experiments  has  been 
performed  to  answer  the  following  specific  (jnestion.  Must  the  leucocytes  l)e 
in  the  presence  of  the  hydrocortisone  while  they  are  migrating  in  order  to 
be  affected,  or  will  a  previous  exposure  to  hydrocortisone,  before  the 
leucocytes  begin  to  migrate,  be  effective?  Preliminary  results  (2)  are 
extended  and  amplified  in  the  present  report. 

MATERIALS  AM)  METHODS 

'i'lu*  (lesion  of  tlu‘  piTsfiit  experiments  is  outlined  in  Fifjure  1.  Ten  ml.  of  he|)arinize(l 
human  blood  was  separat(‘d  into  cells  and  plasma.  'I'lie  (adls  were  washed  twice  in  Hanks’s 


BLOOD 


CELLS  PLASMA 


Incubation 

Period 


Migration 
Period 

HC  HC 

I.  2.  3.  4. 

1.  Controls — no  hydrocortisom*  (HC). 

2.  H(’  durinfi;  migration  only. 

.'f.  HC  during  incubation  but  not  during  migration. 

4.  HC  both  during  incubation  and  during  migration. 

Fig.  1.  For  exitlanation  see  text. 

solution  (3),  divided  into  two  etpial  alitpiots,  and  resusptmded  in  plasma.  Hydrocortisont' 
.sodium  succinate-  to  make  a  final  concentration  of  10  /ag  ml.  was  added  to  om*  aliquot. 
After  allowing  the  cells  to  incubate  with  the  hydrocortisone  for  si)ecific  i)eriods  of  tiim*. 
both  aliquots  were  washed  twice  in  12  volumes  of  Hanks’s  solution.  Thus,  except  for 
hydrocortisone  which  might  hav'e  been  bound  to  the  cells,  only  traces  of  hydrocortisone' 
remained.  One-half  the  aliquot  which  had  been  incubated  without  hydrocortisone  was 
added  to  plasma  to  which  no  hydrocortisone  had  been  added.  The  other  half  of  the*  saint' 
aliquot  was  adtit'd  to  plasma  to  wliich  hydrocortisone  had  been  added  to  make  a  final 
concentration  of  lO/ig  ml.  This  ])ro('edurt'  was  rept'ated  for  the  aliquot  which  had  been 

*  Solu-Cortef,  rpjohn  Company,  Kalamazoo,  Michigan. 
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iiiculmtcd  with  hydnu-ortisoiu*.  Thuf^,  cells  subjccte<l  to  four  different  tre:itnu‘nts  were 
nhtaiiied:  (1)  cells  which  had  received  no  hydrocortisone,  to  serve  as  controls;  (2)  cells 
which  received  no  hydrocortisoin*  during  the  incubation  period,  l)ut  which  were  in  plasma 
with  added  hydrocortisone;  (3)  cells  which  had  received  hydrocortisone  during  the  incu¬ 
bation  period,  but  which  were  in  plasma  to  which  no  hydrocortisone  had  beiui  added;  and 
(4)  cells  which  received  hydrocortisone  during  the  incubation  i)eriod,  and  were  in  plasma 
to  which  hydrocortisone  ha<l  been  ad<led.  Another  control  vial,  the  same  as  in  (1),  was 
prepared,  in  tinier  to  provhle  a  statistical  measure  of  the  internal  variation  in  the  experi 
ments. 

The  jin'paration  of  the  capillary  tubes  is  described  in  detail  in  a  previous  report  (4) 
The  caiiillary  tubes  were  filled  for  about  5  of  their  length  by  immersing  the  ends  of  the 
tulx's  in  the  cell  suspension.  The  unfilh'd  ends  of  the  cai)illary  tubes  were  sealed  by  a 
flame,  and  the  tub<*s  were  centrifug(*d  toward  the  sealed  ends.  This  procedure  formed  a 
microhematocrit,  in  which  there  was  a  lower  layer  of  jiacked  nal  cells,  an  int(‘rmediate 
"huffy  coat”  of  leucocytes,  and  an  uppermost  layer  of  jdasma.  Tin*  tubes  were  incubated 
in  a  vertical  position  at  37°  (’  overnight,  and  the  leucocytes  migrated,  by  active  ameboid 
motion,  through  the  interstices  of  the  clotted  plasma.  The  distance  which  the  forward 
boundary  of  moving  leucocyte's  migrated  from  the  original  huffy  coat  was  measured  by 
means  of  an  ocular  micrometer  in  a  microscope.  For  each  cell  susiiension,  10  cai)illary 
tubes  were  prepared,  and  an  average*  value  taken.  This  metluKl  me‘asure*s  the*  fastest  cells 
in  the*  peipulatiem.  which  are  founel  tei  be*  peilymorpheinue'h'ar  cells. 

RESULTS 

The  results  of  a  series  of  experiments  outlined  in  Figure  1  are  shown  in 
Figure  2.  Tlie  cells  that  migrated  in  the  pre.sence  of  added  hydrocortisone 
were  inhibited  in  their  migration  by  an  average  of  22%.  Those  cells  which 
had  been  incubated  with  hydrocortisone  before  migration,  but  which  had 
migrated  in  the  absence  of  added  hydrocortisone,  were  inhibited  by  an 
average  of  15%.  Tho.se  cells  which  had  been  incubated  with  hydrocortisone 
before  migration,  and  which  also  had  added  hydrocorti.sone  present  during 
migration,  showed  an  inhibition  of  1H%.  Thus,  tho.se  cells  treated  with 
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Fig.  2.  ('omjiarisou  of  tlic  effect  on 
leucocytt*  migration  of  treatment  with 
hy(lrocorti.><one  before  migration,  during 
migration,  and  both  before  and  during  mi¬ 
gration.  In  this  and  the  following  figures, 
the  bar  lab(*lled  controls  repn*sents  a  sec¬ 
ond  set  of  controls  included  to  provide  a 
statistical  measure  of  the  inher(*nt  vari¬ 
ability  of  the  method.  The  height  of  the 
thin  vertical  line  through  (*ach  mean  rep¬ 
resents  2  standard  deviations.  Leucocytes 
treated  with  hydrocortisone  during  the  in¬ 
cubation  period,  iluring  the  migration 
period,  or  both,  were  significantly  inhib¬ 
ited  in  their  migration  as  compared  to  the 
controls  (0.01  level),  but  were  not  signifi¬ 
cantly  different  from  each  other. 


July,  imi  H1N1)IX(;  OF  HYDROC'ORTISONK  BY  LKFC'OC'YTKS 


hydrocortisone  eitlier  during  the  incid)ation  period,  during  the  migration 
period,  or  hotli,  were  significantly  inhibited  in  their  migration  as  compared 
to  the  controls  (0.01  level),  but  were  not  significantly  different  from  each 
other.  It  appears  that  the  leucocytes  take  up  hydrocortisone  during  the 
incubation  with  hydrocorti.'^one,  or  that  the  leucocytes  are  altered  in  some 
manner  by  the  incubation  with  hydrocorti.sone,  .so  that  their  migration  is 
affected  in  plasma  to  which  no  hydrocortisone  is  added.  Further,  the 
addition  of  more  hydrocortisone  (at  the  .same  concentration)  to  the  plasma 
does  not  further  inhibit  the  migration  of  the  leucocytes  which  have  been 
previously  incubated  with  hydrocortisone. 

The  results  shown  in  Figure  2  were  obtained  in  experiments  in  which  the 
cells  were  incubated  with  hydrocorti.'^one  for  two  hours  before  being  washed 


Fkj.  :1.  Incubation  witli  hydrocortisone 
for  2  hours.  1  hour,  or  5  minutes  causes  a 
significant  inhibition  of  leucocyte  migra¬ 
tion  as  compared  to  the  controls  (0.01 
level). 
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and  added  to  plasma  for  preparation  of  capillary  tubes.  Figure  B  shows  the 
re.sults  of  a  series  of  experiments  in  which  the  incubation  period  was 
reduced.  Since  the  hydrocortisone  concentration  is  reduced  by  the  addition 
of  wash  solution,  the  time  retpiired  for  centrifugation  is  not  included.  It 
can  be  seen  in  Figure  R  that  either  1  hour  or  o  minutes  of  incubation  with 
hydrocortisone  provided  as  much  inhibition  of  leucocyte  migration  as  two 
hours.  However,  when  the  wash  solution  was  added  immediately  after  the 
cells  were  suspended  in  hydrocorti.'^one  (less  than  o  seconds),  a  very  large 
standard  deviation  occurred.  In  .'<ome  experiments  inhibition  occurred,  but 
in  others  it  did  not.  Nevertheless,  it  seems  clear  that  a  period  of  time  as 
short  as  o  minutes  is  ample  for  the  leucocytes  to  take  up  the  hydrocor¬ 
tisone. 

In  the  prevous  experiments,  the  cells  were  incubated  with  hydrocor¬ 
ti.sone  in  a  plasma  medium.  While  the  leucocytes  will  not  show  ameboid 
movements  in  a  non-protein  medium,  it  was  of  interest  to  know  if  the 
leucocytes  were  able  to  react  with  hydrocortisone  in  a  non-protein  medium. 
Therefore,  a  .series  of  experiments  was  carried  out  in  which  one  aliquot  of  a 
cell  suspen.sion  was  incubated  in  plasma  with  added  hydrocortisone,  and 
one  ali(jUot  was  incubated  in  Hanks’s  .solution  with  added  hydrocorti.sone. 
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After  inciihatioii  l)oth  aliquots  were  washed  with  Hanks’s  solution  and  re¬ 
turned  to  plasma  for  the  preparation  of  capillary  tubes.  As  can  be  seen  in 
Figure  4,  although  leucocyte  migration  was  inhibited  somewhat  less  in 
those  cells  incubated  with  hydrocortisone  in  Hanks’s  solution  as  compared 
to  those  incubated  with  hydrocortisone  in  plasma,  a  statistically  signifi¬ 
cant  inhibition  (0.01  level)  occurred  in  Hanks’s  solution  when  compared  to 
the  controls,  to  which  no  hydrocorti.sone  had  been  added.  Thus  it  appears 
that  the  hydrocortisone  does  not  need  to  be  in  a  protein  medium  in  order 
to  react  with  the  leucocytes. 


I'lG.  4.  SiKiiificant  inhibition  of  leuco¬ 
cyte  migration  as  compared  to  the  con¬ 
trols  is  observed  when  the  leucocytes  are 
incubated  with  hydrocortisone  in  plasma 
(0.01  level),  or  a  non-protien  salt  .solution 
(0.01  level).  The  difference  between  i)lasma 
and  Hanks’s  solution  is  not  stati.stically 
significant. 


Although  other  explanations  are  possible,  the  foregoing  evidence  suggests 

(1)  that  the  leucocytes  take  up  hydrocortisone  to  which  they  are  exposed, 

(2)  that  the  hydrocorti.sone  that  is  taken  up  may  not  be  easily  washed 
away  from  the  leucocytes,  and  (3)  that  the  hydrocortisone  .so  taken  up 
affects  a  phy.siological  activity  of  the  leucocytes.  In  order  to  determine  if 
the  leucocytes  do  take  up  hydrocortisone,  the  following  experiment  was 
performed.  The  red  cells  from  10  ml.  of  heparinized  human  blood  were 
sedimented  by  dextran,  and  the  leucocytes  were  recovered  from  the  plasma. 
After  being  washed  2  times  in  Hanks’s  solution,  one-third  of  the  leucocytes, 
in  a  volume  of  0.1  ml.,  was  added  to  0.9  ml.  of  Hanks’s  solution  containing 
10  gg  of  hydrocorti.sone-4-C‘^.  After  incubation  at  room  temperature  for 
20  minutes,  the  leucocytes  were  washed  twice  in  Hanks’s  solution.  The 
leucocytes  were  then  lysed  by  addition  of  distilled  water,  and  placed  on  a 
planchet,  and  dried.  A  blank,  containing  everything  but  the  leucocytes  was 
used  to  determine  how  much  C'^  not  bound  to  leucocytes  was  being  meas¬ 
ured.  The  difference  between  the  amount  of  C'^  in  this  latter  blank,  and  the 
amount  of  which  occurred  in  the  planchet  containing  leucocytes  was 
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considered  to  {jive  the  amount  of  C‘^  taken  up  by  the  leucocytes.  Another 
planchet  was  prepared  which  contained  the  same  amount  of  hydrocor- 
tisone-4-C*^  as  was  inculiated  witli  the  leucocytes.  Thus,  the  amount  of 
in  the  leucocytes  times  100  divided  by  the  amount  of  C'^  in  10  mK  of 
hydrocortisone-4-C'^  gave  the  percentage  of  the  total  hydrocortisone  in¬ 
cubated  with  the  leucocytes  that  was  taken  up  by  the  leucocytes.  In  a  series 
of  three  experiments,  2.70%,  2.07%,  and  2.10%  of  the  hydrocortisone  was 
taken  up  by  the  leucocytes  from  the  equivalent  of  d.d  ml.  of  peripheral 
human  blood. 

Leucocytes  recovered  from  the  dextran  sedimented  blood  are  not  com¬ 
pletely  free  of  erythrocytes.  In  order  to  determine  that  the  red  cells 
contaminating  the  leucocyte  suspension  were  not  responsible  for  the  meas¬ 
ured  uptake  of  hydrocortisone-4-C’^,  a  suspension  of  erythrocytes,  oidy 
slightly  contaminated  by  leucocytes,  was  treated  in  the  same  manner  as 
described  above  for  leucocytes  contaminated  with  erythrocytes.  In  this 
experiment,  only  ().4d%  of  the  total  hydrocortisone  was  contained  in  the 
cells,  indicating  that  while  erythrocytes  do  bind  some  hydrocortisone,  the 
leucocytes  bind  relatively  more  of  it. 

A  further  experiment  was  performed^  to  ascertain  that  the  taken  up 
by  the  leucocytes  was  indeed  due  to  hydrocortisone-4-C‘''  and  not  to  non¬ 
specific  radioactive  contaminants.  Fifteen  jug  of  hydrocortisone-4-C'^  was 
chromatographed  on  paper  using  the  Bush  Bo  system  (5).  After  drying  the 
chromatogram,  the  spot  corresponding  to  known  hydrocortisone  was 
eluted,  and  incubated  with  leucocytes.  Fifteen  jug  of  unchromatographed 
hydrocortisone-4-C'^  was  incubated  with  an  alicpiot  of  the  same  leucocyte 
suspen.sion.  The  uptake  by  the  two  leucocyte  suspensions  was  0.1)2%  for  the 
chromatographed  hydrocortisone-4-C'^  and  0.02%  for  the  non-chromato- 
graphed  hydorcortisone-4-C'h  .V  repeat  of  this  experiment  gave  results  of 
0.00%  and  0.02%  for  the  chromatographed  and  unchromatographed 
hydrocortisone-4-C’\  respectively.  It  was  therefore  concluded  that  pure 
radioactive  hydrocortisone  was  being  added  to  the  plasma  and  that  either 
this  hormone  or  a  non-specific  metabolite  of  hydrocortisone  was  being 
bound  by  the  leucocytes. 


DISCUSSIOX 

In  the  present  experiments  it  has  been  shown  that  hydrocortisone  need 
not  be  in  the  medium  in  which  the  leucocytes  are  migrating  in  order  to 
inhibit  their  migration,  provided  that  the  leucocytes  have  had  a  previous 
exposure  to  hydrocortisone.  Further,  it  has  been  shown  that  leucocytes 
take  up  hydorcortisone-4-C'^  from  the  medium,  and  this  hormone  is  not 
removed  by  washing.  It  therefore  appears  that  the  leucocyte  is  able  to  take 

*  I  wish  to  (“xiircss  niy  iir!(‘l)t(‘(lii(‘ss  to  Dr.  FitiuukI  (1.  Pc'roii  of  tho  Worcester 
Foundation  for  Experimental  Biology,  who  carried  out  the  chromatographic  procedures 
and  advised  me  on  this  (‘xperiment. 
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up  hydorcortisone  from  the  surroundinf5  medium,  and  that  this  hydrocor¬ 
tisone  is  al)le  to  affect  ameboid  mi{?ration  for  a  considerable  period  of 
time  afterwards.  If  these  results  may  l)e  extended  to  the  situation  that 
occurs  in  vivo,  it  would  appear  that  during  periods  when  the  hydrocor¬ 
tisone  level  in  the  plasma  is  low  leucocytes  and  perhaps  other  cells  may  be 
under  the  influence  of  hydrocortisone  which  was  l)ound  during  times  when 
the  plasma  concentration  of  hydrocortisone  was  high.  Thus,  if  one  con¬ 
siders  the  variations  that  occur  in  hydrocortisone  levels  in  the  plasma  of  an 
individual,  it  would  appear  that  the  most  meaningful  level,  as  far  as  effect 
on  the  cells  is  concerned,  would  be  the  highest  levels  which  occur,  even 
though  these  high  levels  may  be  fairly  transient. 
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AliSTHAC'T 

Kxi)criiiu‘iits  wore  pcrformt'd  to  tost  tlio  hypothesis  that  the  rapid  rises  in 
plasma  eortieosteroid  eonecmtration  whicli  follow  many  varied  stimuli  art' 
caused  hy  a  reset  of  the  ne}j:ative  feedback  control  of  itlasma  corticostt'roid  con¬ 
centration  to  reffulate  at  higher  levels.  An  intravt'iious  dose  of  histamiiu', 
which  when  ftiveii  alone  produced  after  15  minutes  an  incrt'ment  in  ])lasma 
corticosterone  concentration  of  20  i()()  nil.,  was  injected  15-50  seconds 

aftt'r  an  intravenous  dose  of  corticosterone  (12  ^ij^/100  s'D-  liAV.)  seh'ctt'il  to 
produce  the  same  increment.  The  n'sultin}^  increment  in  plasma  cortico.stt'roiu' 
concentration  etpialled  that  product'd  hy  the  corticosti'rone  alone:  tin*  exo}>;e- 
nous  corticosterone  completely  prevented  the  incrt'ast'd  st'crc'tion  of  corti¬ 
costerone  ordinarily  provoked  by  histamine.  In  a  similar  fashion,  doses  of 
(•orticosterone  (5.  12,  and  55  100  KUi.  B.W.)  were  selected  to  ])roduce  incre¬ 

ments  in  plasma  cortico.sterone  concentration  less  (10  and  IS  pg  100  ml.)  and 
fjreater  (59  mk/100  ml.)  than  that  observed  after  la])arotomy  (25 /if;/ 100  ml.). 
When  either  of  the  smaller  doses  was  injected  15-50  seconds  prior  to  lapa¬ 
rotomy,  the  resulting  increment  ecpialled,  but  did  not  exceed,  that  observed 
after  lai)arotomy  alone.  Wlu'n  the  highest  dose  of  corticostc'rone  was  inj(‘ct('d 
just  prior  to  lai)arotomy,  the  resulting  increment  in  plasma  corticosterone 
concentration  ecpudled  that  se('n  after  corticosteroiu'  alone.  These  results  arc 
those  predicted  by  the  reset  hyi)othesis,  which  provides  a  basis  for  (piantifyiiifi; 
corticost('roid  inhibition  of  adrenocorticotropin  release,  and  they  contradict 
the  oj)i)osin}f  vi('w,  that  the  releast'  of  adrenocorticotropin  followiiifj  noxious 
stimuli  occurs  independently  of  m'Kative  feedback  <'ontrol  of  i)lasma  corti¬ 
costeroid  concentration. 
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Tni’]  measured  coneeiitration  of  adrenal  cortical  hormones  in  blood 
is  affected  only  slightly,  if  at  all,  by  wide  variations  in  the  rate  of 
corticosteriod  inactivation  (1-3).  This  stability  of  plasma  corticosteroid 
concentration  depends  upon  the  matching  of  adrenal  cortical  secretion  rate 
to  variable  rates  of  corticosteroid  inactivation  (2)  and  strengthens  the 
hypothesis  that  the  concentration  of  corticosteroids  in  blood  is  under 
negative  feedback  control  (4,  5). 

A  negative  feedback  controller  can  operate  under  either  of  two  condi¬ 
tions:  a)  at  constant  setpoint,  it  stabilizes  the  variable  under  control  at  a 
value  close  to  that  indicated  by  the  .setpoint  of  the  controller,  despite 
random  or  systematic  disturbances  tending  to  cause  deviation  of  the 
ccntr(.lled  varialile  from  the  setpoint  value;  or  b)  if  the  setpoint  itself  is 
\arial)le,  the  controller  can  force  the  controlled  varial)le  to  follow  closely 
tlie  changing  .setpoint.  In  the  performance  under  varying  setpoint,  a 
controller  at  any  moment  will  be  operating  to  bring  the  controlled  variable 
toward,  and  to  stabilize  it  at  tlie  in.stantaneous  setpoint  value  (b). 

The  experiments  to  be  described  were  designed  to  test  the  liypothesis 
that  the  plasma  concentration  of  adrenal  cortical  hormones  is  regulated  by 
means  of  a  negative  feedback  controller  which  performs  at  variable  set- 
point.  According  to  this  hypothesis,  reset  of  the  controller  could  account 
for  the  elevations  in  plasma  corticosteroid  concentration  ol)served  following 
noxious  stimuli,  as  well  as  for  the  diurnal  periodicity  of  plasma  cortico¬ 
steroid  concentration.  If  this  view  is  correct,  then  a  dose  of  corticosteroid 
sufficient  to  produce  an  increment  in  plasma  corticosteroid  concentration 
e(jual  to  the  increment  produced  by  a  noxious  stimulus,  should  prevent 
entirely  tlie  .secretion  of  endogenous  corticocosteroids,  if  it  is  given  im¬ 
mediately  before  the  noxious  stimulus.  Tlie  exogenous  steroid  would  raise 
the  plasma  corticosteroid  concentration  to  the  new  level  at  which  the 
noxious  .stimulus  resets  the  controller:  no  discrepancy  between  the  existing 
concentration  and  the  new  high  setpoint  following  the  noxious  stimulus 
would  then  be  detected  by  tlie  controller.  In  tlie  absence  of  a  discrepancy 
between  the  existing  value  of  the  steroid  concentration  and  the  setpoint 
value,  the  negative  feedback  controller  could  not  initiate  an  increase  in 
endogenous  corticosteroid  release. 

In  contrast,  if  a  noxious  .stimulus  provokes  a  release  of  adrenocortico- 
tropin  (ACTH)  in  a  manner  independent  of  feedback  control  of  plasma 
corticosteroid  concentration,  then  the  increments  produced  by  the  exoge¬ 
nous  corticosteroid  and  by  the  noxious  stimulus  should  summate  partially 
or  completely. 


METHODS 

Male  albino  rats  (Holtzman  Rat  Co.,  Madison.  Wisconsin)  weighing  between  SO  and 
150  grams  were  used  in  all  experiments.  Purina  laboratory  chow  and  tap  water  wen' 
available  ad  lib.  All  arterial  blood  sanijiles  to  be  analyzed  tor  corticosterone  content  were 
obtained  between  8:00  and  9:30  .\.m.  The  corticosterone  analyses  were  performed  in 
duplicate  by  a  sulfuric  acid  fluore.scence  method  (7).  The  raw  data  were  corrected  for  the 
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reagent  blank  only,  and  not  for  an  assumed  hiologieal  l)lank  l)ased  on  adrenaleetoinized 
or  hypophyseetomized  animals. 

The  rats  were  anesthetized  with  o.O  mg.  100  gm.  H.W.  of  pentobarbital  intraperi- 
toneally.  Ten  minutes  later  one  of  the  following  e.xperimental  variables  was  introduced, 
(‘ither  alone  or  after  an  intravenous  dose  of  eortief)sterone  (o-3o  /ag  1 00  gm.  H.  \V.) : 

0.9%  saline,  intravenously  (control  groui)) 

AC'TH  (U.S.P.  bovine  corticotropin  standard),  intravenouslv  (0.1 2o  or  0.250  mi'  100 
gm.  B.W.) 

histamine  (as  the  phosphate  or  dihydrochloride),  intravenously  (100  /ag/lOO  gm. 

B.W.)  laparotomy 

.Vfter  15  minutes,  blood  was  obtained  from  the  abdominal  aorta  or  by  decapitation,  and 
collection  was  eomplet(‘il  within  .30  seconds. 

When  corticosterone  was  to  be  combined  with  one  of  the  othi'r  stimuli,  it  was  a<l- 
ministered  1.5-30  seconds  in  advance  of  the  second  stimulus,  into  a  separate*  vein.  .Ml 
intravenous  injections  wen*  given  in  a  total  volume  of  0.2  ml.  100  gm.  B.W.  in  saline, 
into  a  lateral  caudal  vein.  The  corticosterone  solutions  contained  a  trace  of  ethanol  and 
the  .\CTH  solutions  were  adjusted  to  i)H  2  with  H('l.  The  control  saline  injections  were 
similarly  modified,  when  ajjpropriate.  The  doses  of  AC'TH,  corticosterone,  and  histamine 
were  chosen  so  that  the  increments  in  jjlasma  corticosterone  concentration  observed  after 
1 5  minutes  would  in  all  cases  be  less  than  the  ma.ximal  increment  ))roduced  si)ontaneously 
iti  unanesthetized  rats  15  minutes  after  restraint.  Thus  even  the  highest  plasma  corti¬ 
costerone  concentrations  observed  in  these  experiments  were  in  the  i)hysiological  range 
of  corticosterone  concentration  in  our  animals. 

.\11  doses  i)resented  refer  to  the  amounts  of  the  sid)stances  given  per  100  gm.  body 
weight. 

The  term  “adrenal  cortical  system”  is  used  to  designate  all  the  components  of  tin* 
central  nervous  sy.stem,  j)ituitary,  and  adn*nal  cortex  which  affect  the  s(*cr(*tion  of  corti¬ 
costerone.  The  letter  B  r(*fers  to  corticosterone  ( Kendall’s  (’ompound  B).  Data  present(*d 
as  means  an*  accompanit*d  by  the  standanl  errors  of  the  means. 

RESULTS  AM)  DISCL’SSIOX 

Part  I :  DeUiih  of  the  experimental  design 

The  (lata  pre.seiited  in  h'iKiires  1-7  are  g:iveii  as  increments  in  plasma 
corticosterone  concentration  produced  by  the  experimental  variables.  The 
magnitudes  of  the.se  increments  are  dependent  upon:  a)  the  establishment 
of  a  control  plasma  corticosterone  concentration;  1))  the  effect  of  the 
anesthetic  on  the  responsiveness  of  the  adrenal  cortical  system;  c)  the 
relation  l)et\veen  the  amount  of  corticosterone  added  during  the  1.5  minute 
period,  and  the  distribution  of  the  hormone;  d)  tlie  extent  of  metal)olism 
of  corticosterone  during  the  1.5  minute  period  l)et\veen  the  introduction  of 
the  experimental  variable  and  collection  of  the  blood  sample;  e)  the  nature 
of  the  experimental  variable  itself. 

E.stablishrnent  of  the  eontrol  plasma  eorlieosterone  eoneentration 

Table  1  shows  the  elevations  in  plasma  corticosterone  eon(*entration 
produced  by  the  handling  of  the  animals.  Hats  taken  by  surprise  and  killed 
within  ten  seconds  had  plasma  corticosterone  concentrations  of  l.'.\  ±0.71 
/ig  100  ml.  Intraperitoneal  injections  of  pentobarbital  caused  an  increa.se 
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TaBI.K  1.  KfKKCT  ok  anesthesia  and  a  KONTHOI.  INTHAVENoI  S  IN.IECTION  ON 
I’EASMA  CORTICOSTEHO.NE  COXCEXTUATION 


( ;n)up 


I’lasma  corti- 
rostcroiic  coii- 
(•(‘iitratioii 
ii^i  100  ml. 


l'iiaiu‘sth(*tiz(*(l :  l)lo<)(l  oWtaiiifd  by  dccajiitatioii  S 

l’(‘iitol>arl>ital  5  mi{.  100  uni.  H.\V.  I.!*.;  blood 

obtained  by  decapitation  7 

l*entobarl)ital  5  nifj.  100  gm.  H.W  .  I.l’.;  blood 

obtained  from  abdominal  aorta  18 

Pentobarbital  5  mg.  100  gm.  H.W.  I.l’.;  0.2  nd. 

.saline  I.V.;  blood  obtained  from  abdominal  aorta  81 

(selected  -  see  Fig.  I  ) 
100 

(unseleeted  si-e  Fig.  1  i 


7.2  ±0.71 
I  I . 1  ± 1 .  27 
11.4  ±0.48 
I.■>.0±0.(i2 


18.0 


in  plasma  corticosterone  concentration  to  11.1  ±1.27  ng  100  ml.  ten 
minutes  later.  In  these  anestlietized  animals  tlie  corticosterone  concentra¬ 
tion  was  the  same  in  aortic  blood  as  in  blood  obtained  Ity  decapitation,  and 
in  all  subsetpient  experiments  aortic  blood  was  used.  The  addition  of  an 
intravenous  injection  of  0.2  ml.  of  0.9%  .saline  ten  minutes  after  the 
anesthetic  caused  a  further  elevation  of  plasma  corticosterone  concentra¬ 
tion  to  15.0  ±0.02  ng  100  ml.  fifteen  minutes  after  the  .saline  injection. 
This  further  increment  results  from  the  .saline  injection,  and  not  from  the 
extension  of  the  time  period  between  the  pentobarbital  injection  and  blood 
collection.  From  the.se  data,  it  can  be  .seen  that  the  pentobarbital-anesthe¬ 
tized,  saline-injected  animals,  which  constitute  t)ie  control  group  used  to 
define  increments  in  plasma  corticosterone  concentration  in  all  sub.secpient 
experiments,  liad  already  undergone  a  respon.se  of  the  adrenal  cortical 
system  sufficient  to  double  the  plasma  corticosterone  concentration,  com¬ 
pared  to  the  levels  measured  in  una nest heti zed,  uninjected  animals. 

The  frecpiency  distribution  of  plasma  corticosterone  concentrations  in 
100  control  rats  studied  throughout  the  cour.se  of  all  the  experiments  is 
shown  in  Figure  1.  The  distribution  is  skewed,  and  we  have  arbitrarily 


Fig.  1.  Frciiiu'iicy  distribution  of 
plasma  cortico.stcronf  concentration  in 
anesthetized,  .saline-injected  control  ani¬ 
mals.  Till'  skeweil  distribution  has  heim 
arbitrarily  divided  into  a  normal  ((Jaus- 
sian)  poinilation  of  81  animals,  and  a 
|)opulation  of  19  animals  which  an*  pre¬ 
sumed  to  have  had  a  strong  adrenal  cor¬ 
tical  ri'sponse  to  the  handling  associated 
with  administration  of  the  anesthetic. 
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divided  it  into  two  populations.  One  population  of  81  animals  showed  a 
relatively  normal  ((laussian)  distribution  of  corticosterone  concentrations 
between  4  and  24  mK  100  ml.,  with  a  mean  of  1.5.0  ±0.02.  \  second  popula¬ 
tion  of  19  animals  had  corticosterone  concentrations  ranpiing  from  25  to 
44  mk/100  ml.  We  believe  these  data  indicate  that  in  handling  our  control 
animals  we  provoked  a  strong  adrenal  cortical  response  in  20%  of  the 
animals.  These  animals  have  been  eliminated  from  the  control  popvdation, 
and  the  mean  corticosterone  concentration  of  15  mK  100  ml.  has  been 
adopted  as  the  control  value,  instead  of  18  jug  100  ml.,  which  is  the  mean  of 
the  unselected  population  of  100  animals.  The  alternative  procedure,  of 
accepting  the  higher  mean,  and  mathematically  correcting  the  skewed 
population  to  obtain  a  standard  error,  as  done  by  Bliss  et  al.  (8),  in  this 
case  conceals  what  we  believe  to  be  a  true  heterogeneity  of  the  control 
group,  and  .so  was  not  employed.  The  following  calculation  is  given  to 
justify  this  procedure. 

Calculation  of  iucrcment.s 

The  raw  data  showing  the  plasma  concentrations  of  corticosterone  15 
minutes  after  introduction  of  the  experimental  variables  are  presented  in 
Talde  2.  In  contrast  to  the  control  distribution,  the  experimental  distribu- 

TaBI.E  2.  I’l.A.SMA  (■<)RTI(  <)STEK<»NE  CONCENTKATIOX  IN  ANESTUKTIZEI)  HATS  FIF¬ 
TEEN  MINI  TES  AFTER  I  NTRODl'CTK  )N  l)F  THE  EXFERIMENTAI,  VARIABLES 


( irovip 

No. 

IMastna  corf  icost  (‘rone 
l•ollccIltratioll  mU^IOO  ml. 

(’orlicostcronc,  I.\’. 

I.T 

24..') +2. 02 

7  .  .i  MU 

21 

20.0  ±  1  .:{7 

12.0  MU 

:{() 

42.8  ±  1  .  1.') 

15.0  mU 

1  1 

44.. T+  1  .40 

;io  .o  MU 

i;{ 

40.. 5+  1  .04 

:{.=>.(»  mu 

8 

.■i4.2  ±1.74 

At'TII,  I.V. 

0 . 12.5  nil 

8 

24.0+2.70 

0.2.")0  iiir 

10 

44.1  +1  ..->0 

1  listainiiic,  I.\'. 

too  MU 

20 

44.0  ±1.12 

l.iiparotoiny 

2.T 

40.4 ± 1 .47 

( 'ort  icost  (‘rone  +  .\(  'T 1 1 

0  mU+<J  •  J-.T  »!'  • 

27 

44.4  ±  1  .7.') 

12  mU±*1-5<<  ''!<  • 

15 

.il  .4  ±2.00 

('orticostiToiie  ±liist!iiniin‘ 

12  MU±1»0  MU 

12 

4.5.0  ±2.20 

('ortic:)st*‘roiu‘±lai)arotoniv 

7 

40.4  + 1 .42 

12  mU + 

24 

48.0  + 1 .28 

mU  4- laparotomy 

8 

.50 . 7  +  2 . 20 
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Fig.  2.  Frequency  (iisstribution  of 
plasma  eortieosterone  eoneentration  fif¬ 
teen  minutes  after  laparotomy,  and  in  eon- 
eurrently  a.ssayed  controls.  The  arrow  on 
the  right  indicates  the  mean  of  the  laj)- 
arotomy  group;  the  arrow  on  the  extreme 
left  indicates  the  mean  of  the  control 
liopulation  after  elimination  of  the  four 
values  above  24  /ig  100  ml.;  the  remaining 
arrow  indicates  the  mean  of  the  entire' 
control  population,  without  selection. 


tioiis  (lid  not  appear  to  he  skewed  (e.g.  laparotomy  in  Fig.  2),  and  in  the.se 
no  .selection  was  attempted. 

The  various  increments  in  plasma  corticosterone  concentration  produced 
hy  the  experimental  variables  were  calculated  by  .subtracting  the  mean 
concentration  of  the  .selected  control  population  from  the  mean  concentra¬ 
tion  of  each  un.selected  experimental  population  shown  in  Tal)le  2.  The 
standard  error  of  the  increments  was  expressed  by: 

S.E.  (*f  increment 

=  S.E.  of  the  (lifierence  Ix^tween  the  means  of  t wot  laussian  di.strilmtions 
=  ■\/(S.E.mi)-  +  (S.E.Ma)^ 

A  representative  example  of  the  .slight  effect  of  the  selection  of  the  con¬ 
trol  population  on  the  magnitude  of  an  increment  appears  in  Figure  2. 
This  figure  shows  all  the  raw  data  obtained  from  2()  rats  following  lapa¬ 
rotomy,  and  from  21  control  animals  sampled  concurrently.  Even  in  this 
small  group  of  controls  the  skewed  distribution  is  evident.  Without  selec¬ 
tion  of  the  control  population,  the  calculated  increment  following  laparo¬ 
tomy  is  20.9  Mg  Iffff  nil-  After  correction  of  the  control  population  by 
elimination  of  the  four  values  above  24  Mg  100  ml.,  the  calculated  incre¬ 
ment  following  laparotomy  becomes  24.2  Mg  100  ml.  The  interrelations 
among  the  increments  shown  in  Part  II,  and  the  statistical  significance  of 
the  differences  discussed,  are  not  appreciably  altered  by  the  selection  of 
the  control  group. 

Ejjevt  of  the  oncsthetic  on  the  response  of  the  ndrenal  cortienl  system  to  an 
A('TH -releosi ny  sti rn ul us 

Pentobarbital  depresses  the  hypothalamus  (9,  10),  and  since  hypo¬ 
thalamic  structures  may  be  involved  in  the  respon.se  of  the  adrenal  cortical 
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.systeiu  to  a  stimulus  such  as  histamine  (11),  we  have  compared  the 
increment  in  plasma  corticosterone  concentration  produced  by  histamine 
in  unanesthetized  and  in  anesthetized  rats.  In  11  unanesthetized  rats,  brief 
restraint  plus  the  intravenous  injection  of  saline  produced  an  increment  in 
plasma  corticosterone  concentration  of  18.4  +  1.8  mS  IdO  ml.,  and  brief 
restraint  plus  intravenous  injection  of  100  /ug  histamine  in  14  rats  produced 
an  increment  of  2.1.8  ±2.8  /i}?  100  ml.  Unanesthetized  rats  shown  in  the 
first  line  of  Table  1  were  the  controls. 

The  levels  in  rats  under  pentobarbital  were  higher  than  in  the  un¬ 
anesthetized  animals,  and  saline  injection  increased  them  by  4  /ug  100  ml., 
as  indicated  in  Table  1.  Nevertheless,  the  injection  of  100  jug  of  histamine 
in  20  anesthetized  animals  produced  an  increment  of  10.9  +  1.12  pig  100  ml. 
above  the  levels  in  the  anesthetized,  saline-injected  control  group.  Thus, 
the  response  of  the  adrenal  cortical  system  to  intravenous  histamine  does 
not  appear  to  be  depressed  by  pentobarbital  in  the  dose  used  in  these 
experiments. 

Relation  between  dose  of  eortieosterone  and  inerement  in  plasma  corticosterone 
concentration 

The  virtual  volume  of  distribution  of  corticosteroids  is  dependent  upon 
the  dose  of  the  steroid  administered;  tracer  doses  have  smaller  distribution 
volumes  than  do  pharmacological  doses  (2,  12).  We  considered  it  possible 
that  the  various  physiological  doses  used  in  our  experiments  might  have 
had  different  volumes  of  distribution,  which  would  affect  the  increments  in 
plasma  corticosterone  concentration  produced  by  the  steroid.  Therefore, 
the  relationship  between  the  increment  in  plasma  corticosterone  concen¬ 
tration  at  1.5  minutes  and  the  amount  of  corticosterone  added  at  zero  time 
was  examined.  The  results  are  shown  in  Figure  3.  The  relationship  is  non¬ 
linear,  but  from  these  data  it  appears  that  increments  in  plasma  cortico¬ 
sterone  concentration  larger  than  5  pig  TOO  ml.  15  minutes  following  an 
experimental  stimulus  are  linearly  related  to  the  amount  of  corticosterone 
added  to  the  extra-adrenal  pool  of  the  steroid. 


Effects  of  corticosterone  metahotisin  on  increments  in  plasma  corticosterone 
concentration 

Variations  in  the  rate  of  hepatic  inactivation  of  corticosterone  may 
produce  opposite  variations  in  the  increment  in  plasma  corticosterone 


Fig.  3.  Rchitionsliip  bctweiMi  tlu*  amount 
of  cortico-sterone  injected  intravi'iiously, 
and  the  increment  in  jdasma  corticosterone 
concentration  fifteen  minutes  later. 
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concentration  ol)!!5erved  lo  minutes  after  a  fjiven  intravenous  dose  of  this 
hormone  (13).  From  previous  studies  of  tlie  effects  of  ACTU  and  adrenal 
cortical  hormones  on  hepatic  inactivation  of  corticosterone  (5),  we  have 
concluded  that  no  detectable  variations  in  the  activity  of  the  hepatic 
enzymes  which  inactivate  corticosterone  would  he  caused  l)y  either  ACTll 
or  corticosterone  under  the  conditions  of  the  present  experiments.  Since  the 
increment  in  plasma  corticosterone  concentration  produced  l)y  corticos¬ 
terone  in  the  presence  of  histamine  was  the  same  as  the  increment  produced 
hy  corticosterone  alone  (Fig.  o),  it  can  he  concluded  that  histamine  did  not 
impair  the  metaholism  of  the  steroid:  if  histamine  had  slowed  cortico.s- 
terone  metaholism,  le.'is  of  the  steroid  would  have  disappeared  in  the  15 
minutes  following  the  injection,  and  the  amount  remaining  (the  increment) 
would  have  heen  greater  than  that  observed  after  the  corticosterone  alone. 

We  expected  that  laparotomy  might  cause  a  tran.'^ient  diminution  in  the 
rate  of  steroid  metabolism  through  impariment  of  hepatic  blood  flow 
following  splanchnic  vasoconstriction  associated  with  opening  the  abdo¬ 
men.  However,  the  increment  produced  by  85  juR  of  corticosterone  was  the 
same  in  the  presence  of  laparotomy  as  it  was  after  the  corticosterone  alone 
(Fig.  0),  and  so  we  concluded  that  laparotomy  also  did  not  significantly 
impair  corticosterone  metabolism. 

Summation  of  increments  in  plasma  eortieosterone  concentration  produced  by 
ACTU  and  by  eortieosterone 

I’ecently  it  has  been  suggested  that  exogenous  corticosterone  iidiibits 
the  synthesis  of  endogenous  corticosterone  following  ACTH  by  an  action 
on  the  adrenal  (14).  However,  in  the  experiments  in  Part  II  the  assumption 
is  made  that  exogenous  corticosterone  in  the  doses  and  conditions  employed 
does  not  interfere  with  release  of  endogenous  corticosterone  from  the 
adrenal  cortex  in  response  to  ACTH.  The  data  shown  in  Figure  4  demon- 


Fig.  4.  Suinination  of  tlu*  incn'inents  in 
plasma  eorticostcTom*  concentration  pro¬ 
duced  by  eortieosterone*  and  l)v  AC'TH,  at 
two  dose  levels.  'I'ln*  exog(*nous  corticoster- 
om*  does  not  impair  the  release  of  endogen¬ 
ous  eortieosterone  following  ACTH,  at 
these  dose  levels.  The  horizontal  dashed 
lines  indicate  the  sums  of  the  separate  cor¬ 
ticosterone  and  .\('TH  increments  shown 
in  the  left  and  mi<ldle  jjairs  of  columns. 
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strate  that  this  assumption  is  valid:  at  both  dose  levels  tested,  the  summa¬ 
tion  of  the  ACTII-produced  increment  and  the  exogenous  corticosterone- 
produced  increment  is  exact.  It  follows  from  these  results  that  in  any 
experiment  involving  the  conlunation  of  a  corticosterone  injection  and 
administration  of  an  adrenocorticotropin-releasing  stimulus,  the  increment 
in  plasma  corticosterone  concentration  attributable  to  endogenous  ACTH 
release  will  be  equal  to  the  total  increment  observed,  minus  the  increment 
observed  with  the  corticosterone  alone. 

Part  II:  Evidence  for  the  resetting  of  the  negative  feedback  control  of  plasma 
eort  i  cost  era  i  d  concent  ra  t  io  n 

Histamine  stndg 

According  to  the  hypothesis  that  certain  stimuli  provoke  increases  in 
plasma  corticosteroid  concentration  by  resetting  the  negative  feedback 
control  of  the  concentration,  a  dose  of  corticosterone  sufficient  to  produce 
an  increment  in  plasma  corticosterone  concentration  equal  to  that  pro¬ 
duced  by  the  stimulus  itself,  should  prevent  entirely  the  release  of  ACTH 
following  that  .stimulus.  Figure  o  shows  the  results  obtained  with  histamine 


Ficj.  5.  IncrcnuMits  in  i)lasina  cortifo.^- 
tcroiu*  concentration  produced  by  hista¬ 
mine  and  corticosterone  nivcn  sei)arately, 
ami  toficthcr,  1 5  seconds  apart.  'I'hcdaslicd 
column  indicates  the  sum  of  the  .se))arate 
increments,  sliown  in  tlie  left  and  middle 
columns.  The  increment,  when  the  corti- 
cost(‘rone  inj('ction  is  f^iven  15  s(*conds 
prior  to  the  histamine  injection,  is  not  sig¬ 
nificantly  different  from  that  observed 
with  the  corticosterone  alone. 


as  the  stimulus  to  produce  ACTH  relea.se.  Injections  of  histamine  and 
corticosterone,  matched  to  produce  equal  increments  in  plasma  cortico.s- 
terone  concentration,  were  given  in  the  same  animal.  Only  the  increment 
produced  by  the  exogenous  corticosterone  was  then  ob.served.  The  ACTH 
relea.se  ordinarily  provoked  by  histamine  was  entirely  prevented  by  this 
dose  of  corticosterone.  Had  there  been  any  ACTH  release,  partial  or 
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complete  .summation  of  the  increments  would  have  been  observed,  as  was 
the  case  when  ACTH  and  corticosterone  were  given  together  (Fig.  4). 

Laparotomy  studies 

The  reset  hypothe.sis  also  predicts  that  the  increased  .secretion  of  corti¬ 
costerone  after  a  noxious  stimulus  will  always  be  of  exactly  the  magnitude 
neces.sary  to  bring  the  plasma  corticosteroid  concentration  to  the  new 
level  set  by  that  stimulus.  To  test  this  prediction  we  first  determined  the 
increment  produced  by  laparotomy.  We  selected  two  do.ses  of  corticos¬ 
terone  (o  and  12  /xg)  which  produced  increments  less  than  that  ob.served 
after  laparotomy,  and  one  dose  (3o  jus)  which  produced  an  increment 
greater  than  that  after  laparotomy.  Laparotomy  was  then  combined  with 
each  of  the.se  do.ses  of  corticosterone.  The  results  are  shown  in  Figure  (5. 

When  laparotomy  was  combined  with  either  the  o  or  12  /xg  dose  of 
corticosterone,  the  total  increment  ob.served  was  the  .same  as  after  lapa¬ 
rotomy  alone.  Thus,  the  increment  in  plasma  corticosterone  concentration 
produced  by  endogenous  ACTH  release  was  dependent  on  the  size  of  the 
increment  produced  by  the  exogenous  cortico.sterone:  in  each  ca.se  it  was 
diminished  exactly  to  the  degree  necessary  to  bring  the  plasma  corticos¬ 
terone  concentration  to  the  level  set  by  the  .stimulus  of  laparotomy  alone. 
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Fig.  <).  Iiicn'iiuMits  in  plusina  (•(•rticosti'ronc  concentration  following  laparotomy, 
and  various  do.ses  of  corticosterone.  The  daslusl  columns  indicate  the  sums  of  the  sepa¬ 
rate  lajiarotomy  and  corticosterone  increments,  which  are  shown  in  the  left  half  of  the 
figun*. 
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Ha<l  laparotomy  provided  a  direct  drive  of  adrenocortieotropiii  release, 
independent  of  plasma  corticosteroid  concentration,  complete  summation 
of  the  increments  (indicated  by  the  dashed  lines  in  the  figiure)  would  have 
been  observed,  as  shown  by  the  data  in  Figure  4. 

The  MS  dose  of  corticosterone  provided  an  increment  in  plasma 
corticosterone  concentration  higher  than  that  observed  after  laparotomy. 
According  to  the  reset  hypothesis,  no  ACTII  release  could  occur  if  lapa¬ 
rotomy  were  combined  with  such  a  dose  of  exogenous  corticosterone,  since 
the  exogenous  corticosterone  would  bring  the  plasma  corticosterone  con¬ 
centration  to  a  value  higher  than  the  new  level  set  by  laparotomy.  .Vs 
shown  in  Figure  (i,  the  increment  observed  in  this  case  was  exactly  that  of 
tlie  MS  of  corticosterone  alone,  and  no  release  of  ACTH  occurred. 

In  the  experiments  described  so  far,  measurements  of  the  increments 
were  made  15  minutes  after  the  introduction  of  the  experimental  variables. 
In  order  to  ascertain  whether  our  results  were  critically  dependent  upon 
this  arbitrary  choice  of  timing,  we  extended  the  studies  of  the  increment 
produced  by  12  mS  eorticosterone  and  by  laparotomy,  separately  and 
together,  from  d  to  40  minutes.  The  results  are  shown  in  Figure  7. 
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Fig.  7.  Tiint*  course  of  the  iiierenieiits  in  plasma  eortieosterom*  eonemitratioii  follow¬ 
ing  12  mk,  100  Kin.  B.W.  of  eorticosterone  intravenously,  or  laparotomy.  The  derivations 
of  the^two  theoretical  curves,  indicated  by  the  dotted  and  dashed  lines,  are  given  in  the 
text. 
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The  increment  profiuced  by  12  /Lig  corticosterone  decays  in  a  roughly 
exponential  manner,  as  would  be  expected  from  the  first-order  kinetics  of 
corticosterone  metabolism  in  intact  rats  (15,  16).  Following  laparotomy, 
the  plasma  corticosterone  concentration  does  not  begin  to  increase  until 
after  3  minutes,  and  then  there  is  a  progressive  increase  throughout  the 
remainder  of  the  period  of  observation. 

According  to  the  reset  hypothesis,  the  combination  of  laparotomy  and 
12  MS  corticosterone  would  give:  a)  an  increment  equal  to  that  produced  by 
the  corticosterone  alone  for  the  time  period  during  which  the  exogenous 
corticosterone  increment  exceeds  or  ecpials  that  produced  by  laparotomy 
alone  (see  35  mS  corticosterone  plus  laparotomy  in  Fig.  6,  and  histamine 
plus  corticosterone,  P5g.  5);  and  b)  an  increment  equal  to  that  produced  by 
laparotomy  alone  for  the  time  period  during  which  the  laparotomy  incre¬ 
ment  exceeds  that  produced  by  exogenous  corticosterone  alone  (see  5  or 
12  MS  corticosterone  plus  laparotomy-  Fig.  6).  These  predictions  of  the 
reset  hypothesis  are  shown  hy  the  dotted  line  in  P’igure  7. 

In  contrast,  if  laparotomy  provides  a  direct  drive  for  .\CTM  release, 
independent  of  the  negative  feedback  control  of  plasma  corticosteroid 
concentration,  then  at  all  points  in  time  the  laparotomy  and  exogenous 
corticosterone  increments  should  summate  exactly  (as  in  the  case  of  .VCTH 
plus  corticosterone  Fig.  4).  This  prediction  of  the  direct-drive  hypothesis 
is  shown  by  the  dashed  line  in  Figure  7. 

The  experimental  results  are  shown  by  the  solid  line  in  Figure  7.  The 
experimental  curve  followed  closely  that  predicted  by  the  reset  hypothesis, 
except  at  the  10  minute  point.  The  deviation  at  10  minutes  was  confirmed 
on  several  occasions.  It  could  not  be  accounted  for  by  an  impairment  of 
corticosterone  metabolism  following  laparotomy,  because  the  10  minute 
increment  produced  by  a  test  dose  of  35  mK  of  corticosterone  in  six  animals 
was  not  significantly  different  in  the  presence  of  laparotomy  (54+4.S 
Mg  100  ml.)  from  the  10  minute  increment  produced  in  six  animals  by  the 
35  MS  dose  of  corticosterone  alone  (47  +3.5  mK  100  ml.).  In  the  previous 
experiments,  it  appeared  that  the  levels  15  minutes  after  histamine  or 
laparotomy  must  have  been  at  or  very  close  to  the  instantaneous  setpoint 
value:  there  was  no  summation  of  the  exogenous  corticosterone  plus  lapa¬ 
rotomy  or  histamine  increments  beyond  the  levels  produced  by  histamine 
or  laparotomy  alone.  However,  if  the  setpoint  increases  five  to  ten  minutes 
after  laparotomy  more  rapidly  than  the  levels  can  follow,  then  the  levels  at 
10  minutes  on  the  laparotomy  curve  (upper  right.  Fig.  7)  would  be  below 
the  instantaneous  setpoint  value,  instead  of  close  to  it.  In  such  a  case, 
increments  produced  at  10  minutes  by  small  doses  (e.g.  12  mk)  of  exogenous 
corticosterone  would  summate  with  the  laparotomy  increment  to  the 
extent  necessary  to  bring  the  concentration  to  the  setpoint  value.  By  the 
fifteen  minute  point  and  afterward,  the  levels  presumably  are  close  to  the 
setpoint,  and  change  with  it  pari  passu  at  a  rate  slower  than  the  initial  rate 
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of  cliange  of  the  setpoint,  which  was  too  rapid  for  the  plasma  corticosterone 
concentration  to  follow  closely. 

The  results  contradict  the  direct-drive  hypothesis  at  every  point  at 
which  the  two  hypotheses  predict  different  results. 

The  studies  described  in  this  paper  demonstrate  that  corticosterone  in 
physiological  concentrations  may  act  as  a  potent  inhibitor  of  adrenocorti- 
cotropin  release,  and  that  the  degree  of  inhibition  is  dependent  upon  both 
the  strength  of  the  ACTH-releasing  stimulus  and  the  dose  of  corticosterone 
administered.  But  further,  they  show  that  the  increments  in  plasma 
corticosterone  concentration  produced  by  stimuli  such  as  histamine  or 
laparotomy  are  dependent  in  a  predictable  and  formal  manner  upon  the 
pre-existing  corticosterone  concentration.  We  interpret  the  evidence  that 
plasma  corticosterone  concentration  is  increased  at  a  given  time  after  a 
given  stimulus  by  a  particular  amount,  and  that  ACTII  release  occurs  only 
to  the  degree  necessary  to  achieve  that  particular  corticosterone  concen¬ 
tration,  to  mean  that  the  negative  feedback  control  of  plasma  corticos¬ 
teroid  concentration  is  reset  by  the  stimuli  studied  to  regulate  at  new, 
higher  setpoints. 

In  1947  the  now  well-known  studies  of  Sayers  and  Sayers  first  demon¬ 
strated  the  (piantitative  relationship  between  such  stimuli  as  cold  or 
histamine  and  ACTII  release,  as  estimated  by  adrenal  ascorbic  acid  deple¬ 
tion  ( 17).  They  also  showed  the  (piantitative  relationship  between  the  dose 
of  adrenal  cortical  extract  or  crystalline  corticosteroids  used  as  pre-treat¬ 
ment,  and  the  resulting  inhibition  of  ACTII  release  following  the  same 
stimuli.  Two  conclusions  were:  “The  degree  of  inhibition  of  pituitary 
adrenocorticotrophic  activity  is  proportional  to  the  amount  of  administered 
cortical  hormone”  and  “The  greater  the  degree  of  stress  to  which  the  ani¬ 
mal  is  subjected,  the  greater  is  the  amount  of  cortical  hormone  retpiired  to 
inhibit  pituitary  adrenocorticotrophic  activity.”  The  present  studies, taking 
advantage  of  a  recent  method  for  direct  estimation  of  plasma  corticosteroid 
concentration,  confirm  both  of  these  conclusions. 

Sayers  and  Sayers  supposed  that  “the  great  variety  of  non-specific 
stresses  increase  pituitary  adrenocorticotrophic  activity  by  a  common 
mechanism,  namely  by  increasing  the  reipiirement  of  the  peripheral  tissue 
cells  for  cortical  hormone(s).  The  anterior  pituitary  responds  to  the 
decrease  in  concentration  of  cortical  hormones  in  the  body  fluids  by 
increasing  the  rate  of  elaboration  of  A.C.T.H.”  The  subse(pient  discoveries, 
after  suitable  methods  became  available,  that  the  same  stimuli  which  cause 
adrenal  ascorbic  acid  depletion  also  cause  increases  in  plasma  corticosteriod 
concentration  and  that  they  may  also  prolong  the  biological  half-life  of 
corticosteroids  (13),  discredited  this  supposition,  and  seemed  to  indicate 
that  a  negative-feedback  hypothesis  could  not  explain  the  adrenal  cortical 
response  to  a  great  variety  of  stimuli. 

The  present  studies  represent  an  attempt  to  show  that  the  rises  in  plasma 
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corticosteroid  concentration  following  varied  stimuli  are  in  fact  consistent 
with  the  view  that  the  plasma  concentration  of  corticosterone  in  the  rat 
(and  presumably  of  cortisol  in  many  other  species)  is  at  all  times  under 
effective  negative  feedback  control  (providing  no  ablations  or  lesions  have 
been  made).  The  increase  of  the  setpoint  of  the  controller  creates  a  virtital 
drop  in  plasma  corticosteroid  concentration  which  then  provides  a  signal 
indistinguishable  to  the  controller  from  an  absolute  drop  in  concentration 
such  as  recjuired  by  the  original  view  of  Sayers  and  Sayers.  Such  a  resetting 
of  a  negative  feedback  controller  is  commonplace  in  automatic  control 
engineering,  and  is  familair  in  physiology  as  one  explanation  for  regulation 
of  elevated  body  temperature  during  fever. 
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ELECTRON  MICR()S(X)PI(-  STUDIES  OF  ANTERIOR 
PITUITARY  GLANDS  FROM  LACTATING  AND 
ESTROGEN-TREATED  RATS' 

W.  C.  IIYMEH,  W.  H.  McSHAN  and  IL  G.  CHHISTIANSFN 

Department  of  Znologii,  I'niversitu  of  Wisconsin,  Madison,  Wisconsin 
ABSTRAC'l' 

Anterior  pituitary  glands  from  mature  virgin  female,  estrogen,  treated,  and 
lactating  rats  were  studied  with  the  eleetron  mieroseope.  It  was  found  that 
the  endo))lasmic  reticulum  underwent  extensive  change  during  lactation.  .V 
similar  situation  was  also  found  in  the  pituitaries  of  the  estrogen  treattsl  ani¬ 
mals.  This  well  developed  reticulum  was  localized  mainly  in  the  acidophils 
with  dOO  m/i  granules,  indicating  these  cells  are  jirohahly  resj)onsil)le  for  the 
elaboration  of  lactogenic  hormone.  In  addition  to  thin  sections  for  electron 
microscopy,  thick  sections  w(*re  taken  for  light  microscoj)y.  The  j)ituitaries 
from  the  animals  which  were  injectc'd  with  estrogcm  were  assayed  for  lactogenic 
hormone.  On  the  basis  of  thc.se  results  and  those  of  others  a  scheme  is  jjre- 
sented  for  production  and  release  of  lactogenic  hormone  from  c(*rtain  of  tlu' 
acidophilic  cells. 

SEV'ERAL  workers  have  reported  significant  changes  in  the  acidopliils 
of  the  rat  pituitary  during  lactation.  The.se  changes,  as  seen  with  the 
liglit  microscope,  are  characterized  by  a  degranulation  of  a  high  proportion 
of  acidophils  with  concomitant  enlargement  of  the  Golgi  region  and 
enlargement  of  basophilic  inclu.sions  in  the  cytoplasm  (4,  o,  (i).  hiverett  and 
Baker  (6)  reported  a  post  partum  increa.se  in  the  cells  which  stain  with  acid 
dyes  accompanied  by  an  increase  in  the  lactogenic  hormone  content  of  the 
pituitary  after  parturition. 

The  effect  of  estrogens  on  pituitary  cytology  has  been  investigated  with 
the  light  microscope.  Severinghaus  (22)  found  that  an  activation  of  the 
acidophils  was  induced  by  the  administration  of  large  amounts  of  estrogen, 
whereas  Baker  and  Everett  (1)  and  Meyer  et  nl.  (15)  showed  that  small 
doses  of  estrogen  could  also  exert  a  .stimulative  action  on  the  acidophils. 
Foster  (10)  found  an  increase  in  the  amount  of  vacuolation  and  strongly 
sudanophilic  material  (Golgi  elements)  accompanied  by  a  coalescence  of 
vacuoles  when  estrogen  was  administered  to  rats.  F'urther  evidence  for  the 
effect  of  estrogen  on  the  acidophils  was  given  by  Purves  and  Griesbach  (IS) 
in  a  study  in  which  two  types  of  acidophils  in  the  rat  pituitary  were 
differentiated  by  their  responses  to  experimental  treatment.  When  rats 
were  treated  with  estrogen,  they  found  a  degranulation  of  those  acidophils 
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located  on  the  interior  of  cell  cords.  They  suggested  this  type  of  acidophil 
was  lactogenic  in  function. 

Faniuhar  ct  al.  (7,  8,  9,  11,  20)  .studied  the  rat  anterior  pituitary  gland 
with  the  electron  microscope.  She  has  reported  “parallel  arrays  of  cister- 
nae”  and  “delicate  canaliculi  (or  lamellae)”  associated  with  the  normal 
acidophilic  cells  of  the  rat  anterior  pituitary.  These  .structures  change  (piite 
dynamically;  a.ssociated  with  canalicular  increases  are  corresponding  de¬ 
creases  in  granulation.  This  would  indicate  that  these  structures  develop 
in  relation  to  a  changing  functional  .state. 

Since  it  is  known  that  large  doses  of  e.strogen  can  induce  high  levels  of 
lactogen  in  the  pituitary  (14),  and  that  pituitary  lactogenic  hormone 
content  is  high  during  lactation  (12),  it  was  of  interest  to  determine 
whether  correlations  between  the  two  situations  could  be  detected  at  the 
submicro.scopic  level. 


MATERIALS  AND  METHODS 

( )l)st‘rvatioiis  were  made  on  pituitaries  taken  from  non-pregnant,  non-laetatinn  fe¬ 
males  and  laetatinK  female  rats  (»f  the  Holtzman  strain.  The  following  series  of  animals, 
in  additi(»n  to  the  non-jireKnant,  non-laetatinn  eontrols,  wen*  used  in  this  ])art  of  the 
study:  at  parturition.  2.  7.  10.  14,  22,  25  and  T2-day  laetatinn  animals  (youii};:  not 
weaned);  I  imuith  post-laetatiiiK  (youns  weamsl  at  21  days). 

.Mature  (200  2.50  k»l)  virgin  female  rats  obtained  from  the  Holtzman  ('omi>any, 
■Madison,  Wisconsin,  were  used  for  the  estrogen  experiments.  Total  do.s('s  of  50,  100,  and 
400  nn  of  estrone  were  injeet«‘d  subeutaneously  into  one  rat  each  for  5  days.  This  expe-ri- 
ment  was  rejM-ated  once.  The  ])ituitaries  were  taken  on  the  0th  <lay  and  fixc'd  for  eh'etron 
microscopy. 

The  tissue  was  Hx(>d  with  buffensl  Palade  fixative  (j)!!  7.4)  for  2  hours,  stained  in  a 
0.5*/c  uranyl  acetate  alcohol  solution  for  0.5  hour,  rajjidly  dehydrated  in  increasinit  con¬ 
centrations  of  iiK'thyl  ahadiol,  and  finally  placed  in  a  n-butyl-mcthyl  methacrylate  mix¬ 
ture  with  2%  benzoyl  peroxide  used  as  catalyst,  and  the  tissue  was  th(*n  incubatc'd  at 
40°  ('  for  24-32  hours.  Thin  sections  were  obtained  with  a  Servall  ultramicrotome  and 
observeil  with  either  a  HC.V  K.Mr-2  or  a  Siemens  Klmiskop  lib  electron  microscope. 

To  study  similar  areas  with  the  liftht  micro.scop<‘.  adjacent  thick  sections  were  taken. 
These  sectii>ns  (4. 5-5. 5  n)  were  stained  accordiiiK  to  the  colloidal  iron  method  of  .lenniuKs 
et  al.  (13). 

.V  series  of  animals  (virgin  females)  were  injected  with  .50,  100,  and  400  /if?  of  estrone 
and  their  i)ituitaries  were  assayed  for  lactogenic  hormone  content  by  the  i)if]|;eon  croj) 
method  of  Breitenbach  and  .Meyer  (2)  usinn  intradermal  injections  ov<>r  the  croj)  sac. 

RESULTS  AND  DISCUSSION 

\<frmal  and  Inctating  rats 

Sections  of  pituitaries  taken  from  normal  female  rats  are  shoxvn  in 
Figures  1  and  2.  Tlie  important  things  to  be  noted  in  these  micrographs 
are:  1)  in  Figure  2  the  granules  can  be  seen  to  be  bound  by  a  smooth  sur¬ 
faced  membrane  as  originally  observed  by  Fartjuhar  and  Wellings  (9)  and 
2)  the  endoplasmic  reticulum  in  the  acidophils  with  the  350  m/i  granules  is 
not  as  well  developed  as  in  the  acidophils  with  the  000  mp  granules.  It 
should  be  mentioned  here  that  the  diameter  of  these  large  acidophilic 


Fig.  1.  An  acidopliil  wliich  contains  370  mja  (maximum)  Kranulos  in  tlic  cytoiilasm. 
Tliis  c(>ll  is  prolmhly  a  growth  hormone  proiiucinf?  cell.  Note  the  well  defined  (Jolfti  area 
(arrow).  This  tissue  was  taken  from  a  normal  female  animal.  X  lo.OOO. 

Fig.  2.  .\n  angular  thyrotroj)e  hound  by  two  acidophils.  The  loO  in/;*  thyrotrojiic 
uranules  have  a  well  defined  membrane  around  them.  Note  the  lar^e  acidophilic  granules 
(oOO  m//  diameter)  closely  allied  to  the  extensively  developed  endoplasmic  reticulum 
(with  associated  ribosomes).  Normal  female  pituitary.  X  19,000. 


It' 


S4 


HY.MKR.  McSHAX  AND  C’HRISTI ANSKN 


Volume  b‘9 


granules  is  variable,  the  range  being  400  to  700  ni/x.  For  purposes  of  clarity, 
however,  these  acidophilic  granules  will  be  referred  to  as  the  (iOO  mg 
granules  as  originally  designated  by  P'arciuhar  and  Hinehart  (7). 

The  results  obtained  with  rat  pituitaries  during  lactation  indicate  that  a 
high  degree  of  endoplasmic  reticulum  or  canalicular  formation  is  associated 
with  the  acidophils  during  all  stages  of  the  21-day  lactation  period.  It 
appears  that  these  formations  reach  their  greatest  development  during 
7  to  14  days  of  lactation.  The  micrographs  in  Figures  3  and  4  taken  from 
glands  of  14-day  lactating  animals  show  extensive  development  of  the 
endoplasmic  reticulum  in  the  acidophils  with  (iOO  mg  granules.  The  appear¬ 
ance  of  these  cells  suggests  that:  1)  they  have  secreted  their  hormonal 
product  (lactogenic  hormone)  becau.se  there  is  an  extensive  degranulation, 
and  2)  that  a  rapid  rate  of  protein  .synthesis  is  occurring  becau.se  of  the 
extensive  formations  of  the  endoplasmic  reticulum. 

During  the  lactation  period  (as  in  the  non-pregnant,  non-lactating 
animal)  basophils,  and  acidophils  containing  3o0  mg  granules,  do  not  have 
this  well  developed  endoplasmic  reticulum.  There  is  a  .suggestion  that  the 
mitochondria  in  the  acidophils  with  the  000  mg  granules  are  somewhat 
more  distended  than  their  counterparts  in  the  ba.sophils,  which  are  long 
filamentous  structures  with  well  defined  cristae. 

The  pituitary  cytology  of  the  one  month  post-lactating  animals  (young 
weaned  at  21  days)  appears  to  approximate  the  normal.  The  endoplasmic 
reticulum  does  not  show  the  distentions  readily  observed  in  the  pituitaries 
from  lactating  animals. 

Estrogen  treated  rats 

Reece  and  Turner  (19)  showed  that  the  lactogenic  hormone  content  of 
rat  pituitary  glands  was  increased  on  administration  of  estrogen.  The  doses 
of  e.strogen  used  in  our  experiments  were  those  used  by  Meites  and  Turner 
(14).  Fifty,  100,  and  4(K)  gg  of  estrone  were  injected  over  a  5-day  period  to 
mature  female  rats.  It  was  found  that  the  lower  or  intermediate  doses 
increa.sed  the  lactogen  content  to  a  greater  extent  than  the  larger  dose.  In 
no  ca.se  was  the  lactogen  content  reduced  below  the  control  level  (Table  1). 
The.se  results  confirm  those  obtained  by  Meites  and  Turner  (14). 

The  animals  which  received  .50  gg  of  estrogen  showed  two  important  and 
readily  ob.servable  chaTiges  from  the  normal.  P4r.st,  the  endoplasmic  reticu¬ 
lum  was  well  developed  in  the  acidophils.  Frequently  one  can  find  the 
“Xebenkern”  formations  of  Farquahr  and  Rinehart  (7)  although  these 
occur  with  perhaps  greater  frequency  in  the  pituitaries  of  animals  treated 
with  the  higher  do.ses  of  estrogen  (Fig.  10).  The  endoplasmic  reticulum  is 
not  well  developed  in  the  basophils.  Thus,  essentially  .similar  formations  of 
the  reticulum  in  the  lactating  and  estrogen  treated  rat  pituitaries  would 
suggest  that  the  acidophilic  cells  with  large  granules  are  intimately  a.s.soci- 
ated  with  the  production  and  relea.se  of  lactogenic  hormone,  as  was  recently 
suggested  by  Hedinger  and  Farquhar  (11).  Since  the  pituitary  levels  of 


Fig.  A  low  iiower  electron  micrograph  from  a  pituitary  gland  of  a  14-day  lactating 
rat.  .\n  acidophil  (.\)  is  seen  lining  a  sinusoid.  Most  of  the  granules  in  this  cidl  have  a 
diameti'r  of  300  m/x,  while  a  few  of  the  larger  are  350  m/x.  \  few  gonadotropic  basophils 
with  200  ni/x  diameter  granules  are  also  present  (B).  .Vpparent  in  the  field  are  parallel 
arrays  of  endoplasmic  reticulum.  In  the  cytoplasm  of  thi'se  cidls  are  a  few  large  acidopliilic 
granules  whicli  measure  about  600  m/x  (C).  X3500. 

Fig.  4.  Same  tissue  as  Fig.  3.  Note  extensively  degranulated  cells  which  contain  a 
few  larg(“  acidophilic  granules.  X6500. 
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I'abi.e  1.  Effect  of  graded  doses  of  estrone  ox  lactogenic 

HORMONE  LEVELS  IN  THE  RAT  I’lTCITARY  GLAND 


.\  mount  of 
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injected  into 
female  rats 

Body  wt. 

(gm.) 

I’ituiti 
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ary  glands 
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10. 1 
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1  1  .0 

400 
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1 

+  + 

2!»(t 

8. a 

2 

+ 

122 

2. 5 

'  (i-week-old  white  kiiijt  pigeons  were  used. 

*  Virgin  female  rats  were  used. 

t  Each  reading  represents  an  average  of  2  observations  on  different  jiigeons. 


other  tropic  hormones  were  not  assayed,  the  po.s.sibility  of  a  change  in  the 
level  of  these  hormones  cannot  he  excluded.  Secondly,  as  .seen  in  Figure.s 
■>  and  6,  “granule  within  granule”  formations  appear  fretiuently  in  the 
pituitaries  of  the  animals  treated  with  estrone.  They  have  been  .seen  very 
rarely  in  normal  tis.sue,  and  only  slightly  more  often  in  pituitaries  from 
lactating  rats.  Recent  studies  of  mou.se  liver  (3)  show  bodies  which  appear 
morphologically  similar  to  those  in  Figures  ~y  and  b.  In  the  liver  these 
bodies  contain  high  acid  phosphatase  activity.  Since  it  has  also  been  shown 
that  acid  phosphatase  levels  are  high  in  the  anterior  pituitary  of  the  rat 
after  experimental  manipulations  (21),  the.se  bodies  found  in  the  pituitary 
after  e.strogen  administration  may  be  .similar  to  the  acid  phosphatase 
bodies  in  the  mouse  liver. 

The  animals  which  received  100  mK  of  estrone,  the  dose  which  causes  high 
pituitary  levels  of  lactogenic  hormone  (Table  1),  showed  no  outstanding 
differences  in  their  pituitary  cytology  from  those  which  received  .50  ng.  The 
cell  shown  in  Figure  7  has  probably  secreted  its  hormone  (evidenced  by 
the  degranulation)  and  may  be  in  the  proce.s.s  of  .synthesizing  new  hormone 
as  evidenced  by  the  possible  condensation  of  products  in  the  (lolgi  region 
to  form  granules. 

The  pituitaries  taken  from  animals  receiving  400  mK  of  estrone  possessed 
the  .same  characteri.stics  although  perhaps  to  a  greater  extent  than  tho.se 
from  rats  given  the  smaller  amounts  (Figures  8-10).  It  is  of  interest  that 
one  finds  more  granules  being  formed  in  the  (lolgi  region  of  pituitary  glands 
of  estrogen-treated  rats  than  in  tho.se  taken  from  non-pregnant,  non-laciat- 


Fig.  o.  An  acidophil  from  a  pituitary  ^land  of  a  rat  nivcn  oO  of  estrone.  The  granu¬ 
lar  structures  with  more  electron  den.se  granules  within  are  of  interest.  The  largest  (A) 
has  a  maximum  diameter  of  7o0  ni/i,  while  the  large  granule  within  it  measures  400 
structure  (B)  has  a  diameter  of  450  m/i,  while  its  inner  granule  measuri's  200  m/x;  and  (C) 
has  a  diameter  of  350  m/x.  whih*  its  largest  inner  granule  is  200  mja.  Several  other  smaller 
granules  are  also  apparent.  X  19,000. 

FTg.  6.  Higher  magnification  of  “granule  within  granule”  structure,  from  a  rat  treated 
with  400  jiig  of  estrone.  It  measures  1250  m/u  maximal  diameter  with  the  inner  granules 
measuring  490,  265,  and  143  m/u.  X 39,000. 


Fig.  7.  Section  of  pituitary  kIuikI  from  a  rat  treated  with  100  /an  of  ostronc.  This  cell 
shows  tlu‘  parallel  arrays  of  the  *“ii(loplasmie  reticulum  which  at  some  ))oiuts  connect  to 
form  v(‘sicles.  The  Golgi  region  is  .s(‘en  at  (G),  and  contains  grannies  being  formed  within 
its  elements.  The  very  large  grannie  (LG)  nn‘asur(*s  about  oOO  mg  and  the  grannies 
within  the  Golgi  region  range  from  40  to  200  mg.  X  19,000. 

Fig.  S.  Section  of  pituitary  gland  from  a  rat  treated  with  100  gg  of  estrone.  Largest 
granules  measure  from  450  to  550  mg.  Attached  and  free  ribosomes  are  obvious  in  their 
associations  with  the  bizarre  formations  of  the  emloplasmic  reticulum.  Apparent  struc¬ 
ture  in  granules  is  sectioning  artifact.  X39,000. 


Fig.  9.  An  aoidophil  from  a  pituitary  filand  of  a  rat  nivcn  400  of  ostroiu',  similar  to 
that  in  Fi^.  7,  sliowinn  extensive  (loi^i  (l(‘velo])ment  and  >jranule  formations  witldn  this 
•egion.  X  23,000. 

Fig.  10.  F^lectron  micrograph  of  a  thin  section  of  a  pituitary  f'land  taken  from  a  rat 
reated  with  400  Mg  of  estrone  showing  a  ‘‘Xehenkern”  formation  described  in  the  pitui- 
ary  by  Farquhar.  X  20,000. 
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ing  rats.  This  finding  is  not  surprising  since  estrogen  administration  pre¬ 
sumably  results  in  a  rapid  synthesis  of  lactogenic  hormone  (Table  1). 

These  results  indicate  that  dynamic  changes  occur  in  the  endoplasmic 
reticulum  of  the  acidophils  with  the  600  m/u  granules  during  estrogen 
administration.  Such  changes  are  very  .similar  to  those  found  in  lactating 
animals.  The  morphological  findings  indicate  that  lactogenic  hormone  is 
probably  produced,  stored  and  secreted  by  these  cells.  The  mechanism  of 
production,  storage  and  secretion  is  probably  similar  to  that  reported  by 
other  workers,  and  may  proceed  according  to  the  following  scheme. 
Hormone  .synthesis  probably  occurs  within  the  well  developed  endoplasmic 
reticulum  area.  The  fact  that  the  reticulum  is  studded  with  ribosomes 
indicates  that  rapid  protein  synthesis  is  occurring.  Rinehart  and  Farcpihar 
(20)  have  suggested  that  elements  of  the  Golgi  apparatus  may  communi¬ 
cate  with  the  endoplasmic  reticulum,  and  Palade  (10)  suggests  that  the 
endoplasmic  reticulum  may  function  as  an  intracytoplasmic  transport 
system.  Thus  the  newly  synthesized  hormone  (not  seen  in  the  form  of 
Palade’s  intracisternal  granules  (17))  would  be  carried  to  the  Golgi  region 
where  condensation  of  the  hormone  would  result  in  granule  formation  and 
subseciuent  envelopment  by  a  smooth  membrane  (9).  The  mature  granules 
within  their  smooth  membrane  would  then  move  out  to  be  stored  in  the 
peripheral  cytoplasm  until  extruded  into  the  perisinu.'^oidal  .«;pace  for  .secre¬ 
tion  into  the  blood  stream. 
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PITUITARY  a)NTROL  OF  THE  TESTIS  OF  THE 
H YPOPH YSECTOM IZED  RAT‘ 


MARION  C.  WOODS  and  MIRIAM  E.  SIMPSON 

Institute  of  Experimental  Biology  and  Department  of  Anatomy,  I’niversity  of  California, 
Berkeley  and  San  Francisco,  California 

AHSTHAC'T 

The  action  of  eacli  of  the  purified  ])ituitarv  hormones  has  been  assessed  in 
maintenance  and  n'pair  of  tlie  reproductive  system  of  the  hypoi^hysectomized 
4()-day  male  rat. 

When  injections  of  interstitial  cell  stimulating  hormone  (ICSII)  were  beKun 
immediately  after  hypo{)hysectomy,  the  testicular  weight  and  physiological 
status  of  tubules  and  Leydig  cells  were  maintained  and  advanced.  Testicular 
epithelium  was  extremely  sensitive  to  low  doses  of  ICSH  and  sperm  were 
(‘laborated.  Even  at  high  do.ses  of  ICSH,  testicular  and  accessory  organ  weights 
were  not,  however,  comj)letely  normal  for  the  chronological  age.  Follicle 
stimulating  hormone  (FSH),  injected  at  doses  which  did  not  show  contamina¬ 
tion  with  IC8H,  had  only  slight  effects  on  testicular  weight  and  development; 
oidy  the  highest  levels  of  FSH  injected  caused  barely  percei)tible  stimulation  of 
the  accessory  organs.  However,  low  doses  of  FSH  injected  with  ICSH  in- 
crea.sed  testicular  size  and  development.  Doses  of  lactogenic  and  growth  hor¬ 
mones,  having  no  effect  on  the  reproductive  system  alone,  increased  the  re¬ 
sponse  to  ICSH  and  also  further  augmented  the  response  to  IC'SH  with  FSH. 

A  dose-response  relationship  was  not  demonstrated  with  increasing  doses  of 
either  growth  or  lactogenic  hormone.  Other  anterior  pituitary  hormones, 
thyrotrophic  and  adrenocorticotrophic,  had  no  influence  on  the  reproductive 
system  given  alone  or  with  the  gonadotrophins.  It  should  be  emphasized  that  no 
hormone  maintained  the  testicular  tubules  of  the  hypophy.sectomized  male 
rat  ludess  ICSH  was  present. 

In  repair  of  the  testis  after  post-hypophysectomy  regression,  K’SH  did 
not  act  as  a  complete  gonadotrophin.  Though  it  repaired  the  Leydig  cells  it 
caused  no  more  than  slight  repair  of  the  testicular  tubules  even  at  high  doses. 

FSH  alone  was  without  effect  in  repair,  but  was  extremely  important  in  co¬ 
operative  action  with  ICSH.  The  combination  of  ICSH  with  FSH  induced 
tubular  differentiation,  sperm  appearing  in  some  instances,  and  augmenta¬ 
tion  of  growth  of  accessory  organs  was  definite.  Addition  of  either  growth  or 
lactogenic  hormone  to  the  combination  of  ICSH  with  FSH  increased  the 
degree  of  stimulation;  simultaneous  injection  of  all  four  hormones  was  even 
more  effective,  and  was  the  only  treatment  using  purified  hormones  in  which 
sperm  were  formed  in  all  animals.  (Extracts  of  rat  pituitaries  caused  similar 
development  after  post-hypophysectomy  regression.)  In  repair,  as  in  main¬ 
tenance  of  the  testis,  no  combination  of  pituitary  hormones  was  effective  un¬ 
less  ICSH  was  i)resent. 
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FSH  acts  syiicruically  witli  testosterone  i)roi)ionate.  as  it  does  witli  ICSH. 
Precocious  sexual  maturity  in  normal  weanling  rats  did  not  result  from 
injection  of  |)uritied  sheep  ICSH  and  FSH.  niven  with  or  without  su|)pl(“- 
mentation  by  otln'r  pituitary  hormones;  rat  anterior  pituitary  extracts  wen- 
similarly  ineffective,  .\fter  hypophyseetomy  preparations  from  both  heterol- 
onous  and  homologous  pituitaries  aeeelerated  development  of  the  reproduc¬ 
tive  traet.  The  pituitaries  of  immature  male  rats  contained  aflerpiate  hormone 
to  induce  sexual  maturity  in  hypoidiyseetomized  males. 

WHl'.X  it  liad  been  shown  that  in  the  female  separate  pituitary 
fronadotrophins  were  responsible  for  the  two  pha.ses  of  ovarian  activ¬ 
ity,  the  growth  of  follicles  and  of  interstitial  cells,  it  .seemed  possible  that 
these  hormones  performed  .similar  functions  in  the  male:  namely,  that  the 
follicle  stimulating  factor  (FSH)  favored  the  maturation  of  germinal  ele¬ 
ments,  and  that  the  interstitial  cell  stimulating  factor  (ICSH)  stimulated 
the  Leydig  cells.  The  latter  assumption  has  received  abundant  confirma¬ 
tion.  The  concept  that  FSH  is  the  chief  pituitary  factor  controlling  the 
seminiferous  epithelium  still  has  its  advocates,  in  spite  of  evidence  showing 
that  testicular  tubules  can  be  maintained  after  removal  of  the  pituitary  by 
injection  of  Leydig  cell  stimulants  or  by  androgens  themselves  (1).  The 
testicular  tubules  have,  in  fact,  been  reported  to  be  so  sensitive  to  pituitary 
K'SH  that  spermatogenesis  could  be  maintained  aiid  advanced  in  hy- 
]>t)physectomized  rats  by  do.ses  of  ICSH  which  did  not  maintain  the  weight 
of  the  male  acce.s.sory  organs  (2).  The  interpretation  could  be  made  from 
these  combined  gametokinetic  and  androgenic  properties  that  ICSH  is  the 
only  pituitary  gonadotrophin  needed  in  the  male;  however,  certain  limita¬ 
tions  to  the  effectiveness  of  ICSH  have  been  noted.  Tliough  sperm  develop 
in  the  hypophysectomized  rat  under  the  influence  of  ICSH,  high  do.ses  have 
not  proven  effective  in  increasing  weight  of  the  te.stes  at  a  normal  rate:  fur¬ 
thermore  the  acce.s.sory  organs  .seldom  have  attained  normal  size  for  the 
chronological  age.  The  capacity  of  testosterone  to  support  spermatogene.sis 
was  also  found  to  be  limited;  it  was  increasingly  difficult,  for  example,  to 
maintain  spermatogenesis  as  the  experimental  period  was  prolonged. 
When  the  testis  was  allowed  to  regre.ss  following  hypophyseetomy,  diffi¬ 
culty  was  experienced  in  promoting  testicular  repair  by  either  testosterone 
or  ICSH  (d-S).  The  propo.sal  which  is  probably  most  widely  acceptable  at 
pre.sent  is  that  FSH  as  well  as  ICSH  is  needed  for  complete  development  of 
the  male  reproductive  tract,  or  that  the  two  hormones  act  synergically 
(9-12). 

This  problem  of  the  hormonal  control  of  the  male  reproductive  system 
has  been  approached  again  with  the  hope  that  the  greater  degree  of  chemi¬ 
cal  purity  of  FSH  and  ICSH  now  attained  might  make  it  possible  to  clarify 
further  the  respective  functions  of  these  two  pituitary  gonadotrophins.  In 
addition,  the  other  anterior  pituitary  hormones  have  been  examined  for 
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any  action  they  may  have  as  adjuncts  or  antaf»;onists  to  the  action  of  Kt^ll 
and  irSH  on  the  male  reproductive  system. 

MATERIALS  AND  METHODS 

Animals  Used 

Hypopliysrctoniizcil  anil  normal  main  rats  of  tin*  Lonfi-F.vans  strain  wero  cmployi'il. 
In  attempts  to  maintain  tlu'  rei)ro(lu(‘tive  system  after  liyi)oi)hyseetomy.  males  ai)proxi- 
mately  40  days  of  ajje  (39  to  41  days,  raiifjinfj  in  \vei>>;lit  from  120  to  100  f^ms.)  were  in¬ 
jected  for  l.T  days,  hefjinninf!;  on  the  day  of  operation.  Male  rats  of  this  a^e  were  well 
suited  to  the  studies  since  s])ermatids  with  condensed,  chromatic  nuclei  had  just  ap¬ 
peared  in  the  testis  and  spiwm  could  ridiahly  he  anticipated  to  appear  in  the  intact  rats  at 

days  of  afje.  In  e.\i)erimental  attempts  to  repair  the  male  reproductive  system  after  a 
|)ost-operative  period  of  rejiression,  the  rats  were'  ajjain  ai)i)roximately  40  days  of  ;ifje  at 
oiM'ration,  and  14  days  were  allowed  to  interviMii'  between  hypoi)hysectomy  and  onset  of 
therapy.  Lonner  injection  periods  were  necessary  in  ri'pair  than  in  maintenance  studies; 
injections  wi're  therefore  continued  as  lonn  as  2S  days. 

Hypophysectomy  was  performed  through  the  i)arapharyn}jeal  approach.  Thi'  com¬ 
pleteness  of  hypophysectomy  was  judged  by  a  number  of  critiuia:  body  tone,  hair  (pial- 
ity,  size  of  testis  and  scrotum;  body  weight  increment  before  and  duriiif!;  the  experimental 
period;  terminally,  examination  of  the  pituitary  site  under  a  binocular  dissectiiif?  micro¬ 
scope;  attention  to  the  vascularity  and  size  of  tlu‘  pituitary  tarjjet  organs,  and.  in  doulit- 
ful  cas(‘s,  microscopic  examination  of  thyroids  and  adrenals. 

Method  of  Injection 

Hormonal  i)rei)arati()ns  were  injected  once  daily.  K’SII  and  FSH  were  dissolved  in 
0.9%  NaC'l;  K'SH  wasf!;iven  either  intraperitoneally  (IP)  or  subcutaneously  (SC);  FSH 
was  inji'cted  S('.  (Jrowth  hormone  ((IH)  and  thyrotrophic  hormone  (TSII)  were  injected 
IP  in  0.9%  NaCl  adjusted  to  i)H  S-9.  Lactofienic  hormone  (Lact.  H)  was  also  dissolved 
in  .saline  and  was  siven  IP.  .Vdrenocorticotroi)hin  (.\(’TH)  was  dissolved  in  5%  beeswax 
in  se.same  oil  and  injected  SC.  Testosterone  propionate  was  injected  SC  in  sesame  oil. 

The  standardization  and  determination  of  contamination  of  the  hormonal  pri'jiara- 
tions  used  are  listed  in  thi'  api)endix. 

RESULTS 

Maintenance  of  the  reprodnelive  tract  bp  injection  immediately  after  hypophy¬ 
sectomy 

/r'AS7/.--Tlie  decree  of  maiutenauce  of  tlie  reproductive  system  of  tlie 
liypopliysectomized  male  rat  achieved  on  injection  of  ICSII  is  sliown  in 
Figures  1-0.  The  action  of  ICSII  was  detectable  by  increase  in  testis  weight 
after  administration  of  \  r.u.  daily  for  lo  days.  In  terms  of  unitage  this 
confirms  a  previous  report  from  this  laboratory  of  the  great  sensitivity  of 
the  tubules  to  ICSII  (2).  It  should  be  noted,  however,  that  in  the  experi¬ 
ment  reported  here  administration  of  this  unitage  reipiired  only  0.25  pg 
daily.  Higher  daily  doses,  2  to  5  r.u.,  were  reipiired  to  maintain  the  testis 
within  the  weight  range  of  the  normal  testis  at  on.'^et  (40  days  of  age)  and 
do.ses  as  large  as  25  r.u.  did  not  increase  testicular  weights  above  those 
characteristic  at  time  of  hypophysectomy.  The  accessory  organs  of  rejiro- 
duction  (ventral  prostateand  seminal  ve.sicles)  regressed  almost  to  hypophys- 
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Fk;s.  I-().  Maintenance  of  the  reproductive  system  of  tlie  hypopliyseetoinized  male 
rat  by  IC'SH.  Or^an  weights  (niK.)  and  j)hysiologieal  resj)onses  |)lotted  against  los  of 
daily  dose  in  r.u.  Rats  were  hypophysectomized  and  injections  bcuun  at  40  days  of  a{?e; 
injection  SC  or  IP  15  days.  Bars  represent  95%  confidence  interval  (t.05-t.9s)  and  arrows 
the  ran^e  of  observations.  Figures  by  each  mean  represent  the  number  of  rats  as  nu- 
iiK'rator,  tin*  standard  error  as  denominator,  ('ontrols:  H  terminal,  15  da.  p.o.;  normal 
40  da.  onset,  and  terminal  55  da.;  control  values  on  right. 


Fig.  1.  Weight  of  testes. 


Fig.  2.  Weight  of  seminal  vesicles. 


ectomized  control  status  in  rats  receiving  low  do.ses  sufficient  to  cau.se 
significant  stimulation  of  the  te.stis.  Only  the  highest  levels  administered 
(10-2o  R.u.)  maintained  the  acce.ssory  organ  weights  within  the  normal 
40  day  range  or  caused  moderate  further  weight  increase. 

Microscopic  examination  of  the  te.stes  showed  partial  maintenance  of  the 
interstitial  tissue  after  admini.stration  of  I  to  j  r.u.  daily;  at  higher  do.ses 
the  normal  morphology  of  Leydig  cells  was  maintained  or  the  development 
advanced  to  the  normal  status  at  55  days  of  age.  Spermatids  with  small, 
chromatic  nuclei  persisted  in  testes  of  some  rats  receiving  the  lowest  doses 
(s  and  j  R.U.),  and  increasing  numbers  of  spermatids  were  formed  at  higher 
levels.  Sperm  appeared  first  in  groups  receiving  j  r.u.  and  were  present  in 
70-90%  of  rats  when  5  to  10  r.u.  were  injected.  Sperm  therefore  formed  at 
the  same  chronological  age  as  in  the  normal  rat,  at  55  days. 

Although  ICSH  accelerated  spermatogenesis  and  advanced  spermio- 
genesis,  there  was  considerable  variability  among  animals  both  in  testicular 
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weights  and  in  the  size  and  development  of  the  seminiferous  tubules.  The 
sperm  often  were  not  fully  mature,  and  in  some  animals  onh'  small  num- 
bers  were  present.  Under  the  experimental  conditions  used,  ICSH  alone 
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was  therefore  not  able  to  atlvance  the  reproductive  tract  at  a  completely 
normal  rate.  The  injection  period  of  15  days  was  adequate  for  normal 
development  as  will  be  shown  later  under  other  experimental  regimens.  The 
route  of  ICSH  injection  did  not  significantly  influence  either  testicular  size 
or  tubular  development,  morphology  of  Leydig  cells,  or  accessory  organ 
weights  (Fdgs.  2,  3,  0).  (In  the  routine  bioassay  in  the  female,  ICSII  is  more 
potent  given  IP  than  SC.)  In  interpretation  of  the  experimental  data  it  is 
to  be  noted  that  sperm  were  almost  invariably  present  in  testes  which  had 
attained  the  weight  of  1000  mg.  or  more. 

FSH.  Purified  FSH  preparations  injected  from  the  time  of  hypophys- 
ectomy  did  not  maintain  the  reproductive  tract  when  the  tloses  were 
restricted  to  those  which  failed  to  stimulate  interstitial  tissue  (Figs.  7-10). 
The  testis  regressed  during  the  15  day  injection  period  almost  to  hypophy- 
sectomized  control  level.  Spermatids  with  condensed  chromatin  disap¬ 
peared  in  animals  receiving  daily  doses  of  0.5  to  5  r.u.  Some  proliferation  of 
spermatogonia  continued,  and  the  numbers  of  spermatocytes  in  meiosis 
increased.  Division  also  occurre<l  in  some  spermatocytes  to  form  young 
spermatids  with  vesicular  nuclei  (recognizable  as  spermatids  by  periodic 
acid  Schiff  staining  of  the  perforatorium)  but  further  advance  in  spermio- 
genesis  did  not  occur  (Table  1).  Higher  levels  of  FSII  (10  to  40  r.u.) 
maintained  testicular  weights  at  onset  level  or  caused  slight  further  growth. 
Spermatids  and  sperm  were  present  in  an  increasing  percent  of  rats  receiv¬ 
ing  doses  of  10  R.u.  and  above.  Interstitial  cells  were  atrophic  in  all 
groups  except  the  highest  doses  of  FSH  (40  r.u.)  at  which  they  were  only 
partially  maintained.  Interstitial  tissue  did  not  become  functional  under 
the  influence  of  FSH ;  the  weights  of  seminal  vesicles  and  ventral  prostates 
scarcely  exceeded  those  of  hypophysectomized  controls  after  daily  doses  of 
20  to  40  R.u.  for  15  days  (Figs.  8,  9).  It  is  significant  that  the  lowest  level  of 
FSH  which  caused  testicular  stimulation  (10  r.u.)  was  known  from  bio¬ 
assay  to  contain  about  \  r.u.  of  ICSH,  an  amount  of  ICSH  known  to  be 
effective  in  stimulation  of  testicular  tubules.  The  contamination  with  ICSH 
must  therefore  be  kept  in  mind  in  evaluating  testicidar  maintenance  or 
continued  differentiation  such  as  was  observed  at  high  levels  of  FSH. 

ICSH  ^ri(h  FSH.  Figures  1 1-15  show  the  capacity  of  ICSH  to  maintain 
the  male  reproductive  tract  when  injected  simultaneously  with  FSH.  In¬ 
creasing  doses  of  FSH  were  injected,  ranging  from  0.5  to  5  r.u.  At  these 
levels,  FSH  given  alone  produced  minimal  effects  on  the  testis,  but  when 
combined  with  ICSH  they  markedly  increased  the  capacity  of  ICSH  to 
stimulate  the  reproductive  tract.  Moderate  doses  of  ICSH  (1  to  5  r.u.) 
combined  with  such  levels  of  FSH  advanced  testicular  weights  beyond 
those  of  normal  onset  controls.  Higher  doses  of  ICSH  (5  to  10  r.u.)  com¬ 
bined  with  FSH  overlapped  the  terminal  normal  55  day  weight  range, 
whereas  neither  component  of  the  combination  given  alone,  at  any  dose, 
advanced  testicular  development  beyond  the  40  day  weight  range.  The 
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Fig.  8.  Weight  of  .seminal  vesicles. 


Fig.  9.  Weight  of  ventral  prostate. 
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F'ig.  10.  Line  represents  percent  of  rats 
in  which  sperm  present  in  testis;  the  bars 
represent  percent  of  rats  in  which  Leydig 
cells  were  maintained  (solid  bar  represents 
partial  maintenance,  open  bar  mainte¬ 
nance  or  stimulation). 


Figs.  7-10.  Maintenance  of  the  reproductive  system  of  the  hj  pophysectomized  male 
rat  by  FSH.  Organ  weight  maintenance  (mg.)  and  physiological  responses  plotted  against 
log  of  daily  dose  in  r.u.  Rats  were  hypophjsectomized  and  injections  begun  at  40  days 
of  age;  injection  SC,  15  days.  Bars  represent  95%  confidence  interval  and  arrows  the 
complete  range  of  observations.  Figures  by  each  mean  represent  the  number  of  rats  as 
numerator,  the  standard  error  as  denominator;  control  values  on  right. 
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Figs.  11-1.5.  Maintonanco  of  the  repro¬ 
ductive  system  of  the  hypoi)hy.seetomized 
male  rat  by  combinations  of  IC’SH  with 
increasing  doses  of  F’SH  (0..5,  1.0,  .5.0 
K.U.).  Organ  weights  (mg.)  and  i)liysiologi- 
eal  resi)onse  |)lott(‘d  against  log  of  daily 
dose  of  K'SH.  Rats  were  hypophysee- 
tomized  and  injections  were  begun  at  40 
days  of  ag(‘;  injections  continued  1.5  days. 
IC’SH  was  either  injected  IP  and  FSH 
given  SC’,  or  the  combination  was  injected 
SC.  Bars  represent  9.5%  confidence  inter¬ 
val  and  arrows  the  range  of  observations. 
Figures  by  each  mean  represent  the  num¬ 
ber  of  animals  as  numerator,  the  standard 
error  as  denominator;  control  values  on 
right. 
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Fig.  1 1 .  Weight  of  testes. 


enlargement  of  seminiferou.s  tubules  paralleled  the  increa.se  in  testicular 
weight.  Tubular  enlargement  and  degree  of  development  were  more  uni¬ 
form  than  on  injection  of  ICSH  alone.  The  combination  of  ICSH  with  FSH 
accelerated  differentiation,  so  that  spermatids  were  maintained  and  sper- 
miogenesis  was  advanced  to  sperm  formation  at  lower  levels  of  ICSH  than 
were  effective  alone  (Table  1).  Addition  of  1  r.u.  FSH  to  doses  of  ICSH  as 
low  as  I  to  j  R.u.  (Table  1)  resulted  in  the  appearance  of  sperm  in  the 
tubules  of  40%  and  80%  of  rats.  Sperm  were  present  in  greater  numbers 
and  were  more  mature  than  after  injection  of  ICSH  alone,  as  indicated  by 
increased  coarseness  and  deeper  eosinophilia  of  the  sperm  tails.  The  levels 
of  FSH  effective  in  such  combinations  were  so  low,  and  so  inactive  by 
themselves,  that  the  effects  cannot  be  considered  additive;  the  increased 
response  is  therefore  called  synergism  or  augmentation. 

Only  at  the  lowest  levels  of  ICSH  (|  to  j  r.u.)  injected  with  FSH  was 
there  a  suggestion  of  augmentation  of  interstitial  cell  stimulation  (Fig.  1.5). 
The  weights  of  accessory  organs  of  animals  receiving  10  to  2.5  R.u.  ICSH 
combined  with  FSH  were  brought  within  normal  terminal  .5.5-day  weight 
range,  a  result  not  attained  by  ICSH  alone  (Figs.  12,  1.3),  but  the  respon.se 
was  so  variable  that  it  could  not  be  said  with  certainty  that  the  accessory 
organ  weights  were  augmented.  No  significance  could  be  attributed  to 
route  of  injection  of  ICSH,  the  results  being  similar  when  ICSH  was  given 
IP  and  when  it  was  combined  in  vitro  5vith  FSH  and  injected  SC. 

GH  injected  with  ICSH,  or  ICSH  and  FSH. — In  order  to  test  the  effect 
of  simultaneous  administration  of  GH,  a  preparation  potent  at  40  gg  was 
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Fig.  12.  Woluht  of  .seminal  ve.sicles. 

injected  daily  in  doses  of  2.5  r.u.  coml)ined  with  ICSH.  The  (HI  alone  did 
not  prevent  testicular  regression  to  hypophysectomized  status.  ICSH 
combined  with  (HI  resulted  in  testicular  weights  equal  to  or  greater  than 
the  upper  range  of  normal  on.siet  controls,  a  result  which  was  infrecpiently 
achieved  by  ICSH  alone  (Figs.  1()-21).  The  two  hormones  were  injected  by 
dilTerent  routes,  SC  and  IP,  .so  that  the  increased  response  could  not  be 
attributed  to  an  effect  of  (HI  on  rate  of  ab.sorption  of  ICSH.  The  beneficial 
results  could  not  be  attributed  to  ICSH  contamination  in  (HI  inasmuch  as 
the  maximal  daily  injection,  2.5  r.u.,  contained  no  more  than  0.04  r.u. 
ICSH,  and  do.ses  as  low  as  0.6  and  1.2  r.u.  efficiently  augmented  ICSH 
(Table  2).  The  effectiveness  of  combinations  of  ICSH  with  P'SH  was 
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further  increased  by  addition  of  GH,  raising  testis  weiglits  to  the  range  of 
terminal  55  day  normals  (Figs.  16-21). 

The  increased  accessory  organ  weights  were  even  more  striking  than  the 
increased  testicular  weights  after  combination  of  GH  with  ICSH,  or  ICSH 
and  FSH.  The  ventral  prostate  was  only  maintained  at  onset  weight  by 
injection  of  10  and  25  R.r.  ICSH,  and  after  addition  of  FSH  was  still  below 
normal  terminal  average  weight,  but  on  addition  of  GH  either  to  ICSH,  or 
ICSH  with  FSH,  prostatic  weights  were  raised  to  the  normal  55-day  range. 
The  seminal  vesicles  showed  essentially  the  same  type  of  response  but  due 
to  accumulation  of  extensive  fluid  the  weights  were  more  variable  (Fig.  17). 

Although  the  2.5  R.r.  level  of  GH  injected  gave  no  evidence  of  ICSH 
contamination,  traces  of  ACTH,  TSH  and  Lact.  H  were  known  to  be 
present  (see  appendix  and  Table  2).  Periodate  treatment  of  the  preparation 
reduced  the  contamination  still  further,  but  the  biological  results  in  males 
were  the  same  and  have  not  been  listed  separately.  However,  as  the 
augmentation  of  the  action  of  ICSH  by  GH  was  so  definite  and  since 
biologically  active  contaminants  were  present,  it  seemed  important  to 
determine  the  effect  of  each  of  the  three  contaminating  pituitary  hormones 
under  the  present  experimental  conditions. 

ICSH ,  or  ICSH  with  FSH,  injected  with  ACTH  or  leith  TjS//.-  -Purified 
preparations  of  ACTH  and  TSH  were  injected  in  hypophysectomized  male 
rats  alone  and  in  combination  with  ICSH,  or  ICSH  with  FSH.  The  doses  of 
ACTH  and  TSH  chosen  were  low,  as  the  objective  was  to  determine 
whether  doses  approximating  those  present  as  contaminants  in  the  GH 
would  exert  an  influence.  ACTH  administered  in  doses  of  0.5  to  2.5  U.S.P. 
units  per  day  did  not  maintain  the  weights  of  testes  or  accessory  organs 
when  given  alone  (Table  3).  The  action  of  these  doses  of  ACTH  on  the 
adrenal  cortex  was  similar  to,  or  greater  than,  that  produced  by  the  GH, 
yet  did  not  augment  or  inhibit  the  effect  of  ICSH  alone,  or  ICSH  with 
FSH.  Similarly,  0.1  U.S.P.U.  of  TSH,  which  was  capable  of  eliciting  a  mor¬ 
phological  response  in  the  thyroid  equivalent  to  or  greater  than  that 
exerted  by  the  GH  preparation,  did  not  influence  the  reaction  from 
administration  of  ICSH  alone,  ICSH  with  FSH,  or  ICSH  combined  with 
FSH  and  GH  (Table  8). 

.\lthough  not  included  in  Table  8,  sodium  n-thyroxine  was  also  injected 
at  doses  of  1  jug  daily.  Thyroxine  given  alone  or  combined  with  2.5  r.u. 
GH  exerted  no  effect  on  the  gonadotrophic  potency  of  ICSH,  or  of  ICSH 
with  FSH.  The  dose  of  thyroxine  selected  was  known  to  elevate  basal 
metabolic  rate  significantly,  and,  in  combination  with  GH,  to  restore 
calorigenesis  in  the  hypophysectomized  rat  to  normal  or  above  (18).  It 
appears  .safe  to  conclude  that  the  augmentation  of  the  gonadotrophic 
potency  of  ICSH  by  GH  is  not  due  to  contamination  with  either  ACTH 
or  TSH. 

ICSH,  or  K'SH  and  FSH,  injected  with  Laet.  //.  -Lact.  H  was  found  to 
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Figs.  16-21.  Effect  of  the  addition  of  GH  to  ICSH.  or  to  ICSH  +  FSH,  on  mainte¬ 
nance  of  the  reproductive  sy.stem  of  the  hypophysectomized  male  rat.  Organ  weights 
(mg.)  and  physiological  responses  plotted  against  log  of  daily  dose  of  ICSH.  Constant 
daih'  do.ses  of  FSH  (1  R.u.)  and  GH  (2.5  r.u.)  were  injected;  their  effects  given  alone  are 
included.  Hypophysectomy  40  da.  of  age;  injections  begun  at  once  and  continued  15  da. 
GH  was  injected  IP,  all  other  hormones  SC'.  Bars  represent  95%  confidence  interval  and 
arrows  the  range  of  observations.  Figures  by  each  mean  rejiresent  the  number  of  rats  as 
numerator,  the  standard  error  as  denominator;  control  values  on  right. 

1)6  a  significant  factor,  however,  in  augmentation  of  the  response  to  ICSH. 
The  role  of  Lact.  H  was  therefore  more  carefully  studied  in  a  dose  range 
from  0.3  to  10  i.u.  Preparations  of  Lact.  H,  though  possessing  no  intrinsic 
power  to  increase  testicular  weights  in  this  do.se  range,  did  increase  .signifi¬ 
cantly  the  response  both  to  ICSH  and  ICSH  with  FSH  (Figs.  22-24  and 
Table  4),  Addition  of  Lact.  H  to  ICSH  did  not  re.sult  in  testicular  weights 
as  great  as  ob.served  on  addition  of  F^SII  to  ICSH;  nevertheless,  Lact.  H 
added  to  the  combination  of  F^SII  with  ICSH  was  able  to  cause  an  even 
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Fig.  24.  Weight  of  ventral  prostate. 

P'iGs.  22-24.  Effort  of  the  addition  of  Lact.  H  to  ICHH,  or  to  ICSH  +  FSH,  on  inain- 
tenanee  of  the  rei)roductive  .system  of  the  hypophysectomized  male  rat.  Organ  weights 
(mg.)  plotted  against  log  of  daily  dose  of  ICSH.  Constant  unitages  of  FSH  (1  R.u.)  and 
Fact.  H  (2  I.U.,  XIH-P-S-3)  were  employed  as  shown.  Rats  were  hyi)ophyseetomized 
and  injections  begun  at  40  days  of  age  and  continued  15  days.  Lact.  H  was  given  IF; 
K'SH  alone,  IF;  coml)ination  ICSH  with  FSH,  SC.  Bars  represent  95%  confidence 
interval  and  arrows  the  range  of  observations.  Figures  by  each  mean  represent  the  num¬ 
ber  of  rats  as  numerator,  the  .standard  error  as  denominator;  control  values  on  right. 
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fiieater  testicular  weifjht  response  (Fig.  22).  The  maximum  augmentation 
by  Lact.  H  could  he  observed  at  the  lowest  dose  injected  (0.5  i.u.);  as  can 
be  noted  in  Table  4  no  further  increase  occurred  on  injection  of  10-fold  this 
dose.  The  accessory  organ  weights  also  were  not  definitely  greater  at  higher 
dose  levels  of  Lact.  H  (Table  4).  As  in  the  case  of  (JH  no  dose-response 
relationship  coidd  satisfactorily  be  demonstrated. 

liepair  of  the  male  reproductive  tract  after  regression  following  hypophysectomy 

The  repair  of  the  reproductive  system  after  post-hypophysectomy 
legression  constitutes  a  more  rigorous  test  of  hormonal  needs  of  the  testis 
tlian  supportive  therapy  instituted  immediately  after  hypophysectomy.  A 
parallel  investigation  of  the  factors  needed  for  repair  was  therefore  con¬ 
ducted,  including  a  study  of  the  action  of  ICSH,  alone  or  combined  with 
FSH,  (111,  and  Lact.  IL  Figures  25-27  and  Table  5  record  the  repair 
induced  by  various  combinations  of  these  hormones  when  injections  were 
begun  14  days  after  hypophysectomy  at  40  days  of  age  and  were  continued 
for  15,  21  or  28  days.  Either  ICSH  or  FSII  given  separately  in  doses  higher 
than  those  required  in  maintenance  studies,  caused  only  slight  increase  in 
testicular  weight  and  only  limited  improvement  in  the  testicular  epithe¬ 
lium.  Although  ICSH  did  not  appreciably  increase  testicular  tubule  .size, 
vigorous  cellular  proliferation  occurred;  spermatocytes  in  meio.sis  and  a 
few  spermatids  with  compact,  deeply  basophilic  nuclei  appeared  within  15 
days.  However,  differentiation  did  not  advance  further  on  continued 
injection  for  an  additional  2  weeks. 

FSH  caused  even  less  repair  of  testicular  tubules  than  ICSH ;  spermato¬ 
cytes  were  increa.'^ed  in  number;  a  few  undertook  meiosis,  and  very  young 
spermatids  were  detectable  after  15  and  21  days.  This  activity  was  not 
sustained,  and  by  28  days  no  spermatids  remained  and  spermatocytes  were 
again  depleted,  leaving  only  a  few  desciuamating  spermatocytes  such  as  are 
ob.served  in  the  hypophysectomized  rat.  It  was  not  clear  that  FSH  given 
alone  could  make  a  .significant  contribution  to  testicular  growth  or  differ¬ 
entiation.  The  importance  of  FSH  in  repair  of  the  degenerate  testis  was 
amply  demonstrated,  however,  when  FSH  was  injected  with  ICSH.  This 
combination  actually  caused  reinstatement  of  testicular  weights  and  de¬ 
velopment  to  the  40-day  normal  range  after  a  21-day  injection  period.  More 
important  still,  sperm  began  to  appear  after  15  days,  and  within  21  to  28 
days  sperm  were  pre.sent  in  40  ()0%  of  the  rats.  The  addition  of  GH  to  the 
mixture  of  FSH  and  ICSH  caused  no  further  improvement  in  spermato¬ 
genesis. 

ICSH  reinstated  the  deficient  interstitial  cells  within  15  days,  although 
some  regression  in  the  response  occurred  on  more  prolonged  administration. 
The  doses  of  FSH  injected  alone  cau.^ed  no  morphological  change  in  the 
deficient  interstitial  cells.  Only  moderate  stimulation  of  interstitial  tissue 
function  re.'^ulted  from  injection  of  ICSH  alone,  reinstatement  of  the  40 
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Figs.  2o-27.  Effect  on  repair  of  the  reproductive  system  of  the  hypophysectomized 
male  rat  of  addition  of  GH  and  or  Fact.  H  to  ICSH,  or  ICSH  +  FSH.  Organ  weights 
(mg.)  plotted  against  period  of  injection  (15,  21  or  28  days).  H\  poi)hysectomy  was  per¬ 
formed  at  40  da.  and  onset  of  injection  was  14  da.  later.  The  dail}'  dosage  was  ICSH  15 
R.U.,  SC;  FSH  5  r.u.,  SC;  GH  2.5  r.u.,  IP;  Fact.  H  2  i.u.,  IP.  Bars  represent  95%  confi¬ 
dence  interval  and  arrows  the  range  of  observations.  Figures  by  each  mean  represent  the 
number  of  rats  as  numerator,  the  .standard  error  as  denominator;  control  values  on  right; 
terminal  H  values  enclosed  in  transverse  bars. 


(lay  old  normal  weights  of  the  ventral  prostate  being  attained.  (Only 
limited  functional  response  to  ICSH  had  also  been  characteristic  in  the 
maintenance  experiments.)  Administration  of  FSH  with  ICSH  definitely 
increased  the  functional  response  resulting  in  accessory  weights  etjual  to,  or 
greater  than,  those  in  normal  40-day-old  rats.  The  augmentation  of  acces¬ 
sory  organ  response  to  ICSH  on  combination  with  FSH  was  far  more 
definite  in  repair  than  in  maintenance  experiments.  The  accessory  organs 
reached  their  maximal  size  after  injection  of  ICSH  with  FSH  for  21  days, 
and  after  28  days  there  was  some  evidence  of  regression. 

Injection  of  GH  with  ICSH  increased  the  repair  of  the  accessory  organs 
to  a  degree  comparable  to  that  following  injection  of  FSH  with  ICSH. 
Addition  of  GH  to  combinations  of  ICSH  with  FSH  resulted  in  stimulation 
in  excess  of  that  resulting  from  any  two  of  these  substances  given  in  com- 
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Fig.  20.  Woinht  of  seminal  vt'siclos. 

hinatioii;  the  weights  of  acce.ssory  organs  of  rats  .sul)jected  to  the  triple 
stimulus  were  intermediate  between  those  of  40-  and  oo-day-old  normal 
males. 

The  addition  of  Lact.  H  to  combinations  of  ICSH,  FSH  and  GII  did  not 
significantly  improve  the  weights  of  acces.sory  organs  or  of  the  testes  but 
did  improve  spermatogenesis;  administration  of  the  quadruple  mixture 
was  in  fact  the  only  treatment  with  purified  hormones  able  to  repair  the 
te.stis  and  advance  development  to  sperm  formation  in  100%  of  the  rats. 

Maintenance  and  repair  of  the  reproductive  tract  by  rat  anterior  pituitary 

The  efficacy  of  purified  sheep  hormones  in  maintenance  and  repair  of  the 
male  rat  reproductive  system  after  hypophysectomy  was  compared  with 
that  of  rat  anterior  pituitary  extracts  (Table  6).  These  extracts  admini.s- 
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tered  iniinediately  after  liypopliysectomy  in  unitage.s  as  similar  as  possil)le 
to  effective  unitages  of  sheep  pituitary  gonadotrophins  (i.e.,  having  the 
same  follicle  stimulating  and  interstitial  cell  stimulating  potency)  caused 
development  in  testes  and  accessory  organs  at  a  rate  equal  to  or  in  excess 
of  that  normal  for  the  chronological  age  (oo  days).  When  a  14-day  period  of 
regre.ssion  had  elapsed  before  treatment  with  rat  pituitary  extracts  was 
begun,  the.se  unitages  repaired  the  atrophied  testicular  tubules  and  ad¬ 
vanced  spermatogenesis  and  spermiogenesis  to  sperm  production  within 
21-days.  The  weights  of  the  testes  did  not  exceed  those  of  40-day  rats 
although  the  weights  of  acce.ssory  organs  were  comparable  to  those  of  oo 
day  normal  rats.  The.se  re.sults  from  injection  of  extracts  of  rat  pituitaries 
closely  paralleled  those  from  the  quadruple  mixture  of  purified  sheep 
pituitary  hormones. 
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Hormonal  factors  necessary  for  reproductive  system  development  in  weanling 
male  rats 

Purified  sheep  gonadotrophins  in  normal  and  hypophyseetomized  weanling 
rats.  -It  is  well  known  that  gonadotrophic  agents,  effective  in  promoting 
precocious  puberty  in  the  female,  fail  to  promote  precocious  puberty  in  the 
immature  male  (14,  15).  It  would  constitute  a  contribution  to  the  under¬ 
standing  of  the  hormonal  control  of  the  testis  if  an  explanation  could  be 
found  for  disappearance  of  this  insensitivity  of  the  testis  after  hypophy- 
sectomy.  An  attempt  has  been  made  to  apply  to  the  intact  immature  rat 
the  information  gained  regarding  the  hormonal  requirements  for  mainte¬ 
nance  and  repair  of  the  testis  of  the  hypophyseetomized  rat.  Normal 
weanling  males  (21  to  23  days  of  age,  weighing  60  to  75  gm.)  were  injected 
for  a  21-day  period  with  purified  sheep  pituitarj'  gonadotrophins.  The  age 
at  termination  of  the  experiment  was  therefore  40  to  44  days,  an  age  at 
which  the  appearance  of  spermatids  in  untreated  controls  could  be  assured. 
The  testes  of  the  weanlings  were  characterized  by  small  tubules,  compactly 
filled  by  a  many-layered  epithelium  which  included  enlarging  spermato¬ 
cytes  in  various  phases  of  meiosis.  The  interstitial  cells  were  sparse,  very 
few  having  become  enlarged  and  epithelioid.  ICSH  was  injected  at  doses  of 
25  R.U.,  a  level  far  greater  than  necessary  to  induce  a  response  in  the  much 
larger  males  hypophyseetomized  at  40  days  of  age.  During  the  21 -day 
injection  period  the  testes  increased  in  weight  at  a  somewhat  subnormal 
rate,  but  the  accessory  organs  attained  weights  normal  for  the  age.  A  few 
spermatids  with  compact  chromatin  appeared  in  the  testicular  tubules.  No 
significant  modification  was  therefore  introduced  by  the  ICSH  treatment 
in  the  normal  course  of  tulndar  development  (Table  7).  In  the  group 
injected  with  FSH  alone,  all  organ  weights  were  slightly  subnormal  for  the 
age  and  no  spermatids  were  formed.  The  combination  of  ICSII  with  FSH 
did  not  increase  the  weights  of  testes  or  seminal  vesicles  in  excess  of  the 
normal  range;  only  the  weight  of  the  ventral  prostate  exceeded  normal. 
These  experiments,  therefore,  confirm  previous  reports  of  the  unrespon¬ 
siveness  of  the  normal  immature  rat  testis  to  exogenous  pituitary  gonado¬ 
trophins. 

W  hen  rats  were  hypophyseetomized  at  this  early  age  (23  days)  and  were 
injected  immediately  after  operation  with  lower  doses  of  ICSH  and  FSH 
than  those  given  normal  rats,  testicular  growth  occurred  at  almost  the 
normal  rate  (Table  7).  Spermatogenesis  was  accelerated  beyond  normal 
rate  and  sperm  were  formed  in  a  large  proportion  of  the  rats  by  44  days  of 
age.  The  interstitial  tissue  became  hypertrophic  and,  in  some  instances, 
even  moderately  hyperplastic.  The  growth  rate  of  seminal  vesicles  and 
ventral  prostate  equalled  or  slightly  exceeded  the  rate  in  normal  rats. 
Neither  growth  nor  lactogenic  hormone  improved  the  growth  and  differen¬ 
tiation  of  the  reproductive  system  of  hypophyseetomized  weanlings  in¬ 
jected  with  purified  sheep  ICSH  and  FSH. 
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(ronadotrophic  potency  of  rat  pituitaries  in  intact  and  hypophyscctomizcd 
weanling  males 

It  is  evident  from  the  response  in  the  hypopliysectomized  rats  tliat  the 
testes  of  weanling  rats  were  sufficiently  mature  to  respond  to  the  exogenous 
gonadotrophins.  The  lack  of  testicular  response  in  intact  weanlings  might 
he  due  to  the  removal  of  some  supporting  pituitary  hormone  during  purifi¬ 
cation  of  the  sheep  FSII  and  IC8II.  On  the  other  hand,  the  heterologous 
hormones  might  not  he  of  ecpiivalent  value  to  homologous  gonadotro¬ 
phins.  To  test  the  action  of  rat  pituitary  hormones,  castrate  rat  pituitaries 
were  chosen  due  to  their  high  gonadotrophin  content.  As  shown  in  Table  (i, 
extracts  of  such  pituitaries  (see  appendix),  given  in  unitages  equivalent  to 
effective  doses  of  sheep  gonadotrophins,  gave  results  in  both  normal  and 
hypopliysectomized  rats  comparable  to  those  just  described  for  hetero¬ 
logous  hormones.  The  normal  development  in  intact  recipients  proceeded 
without  interference,  the  only  effect  observed  being  acceleration  in  the 
growth  of  accessory  organs.  In  the  hypopliysectomized  recipients  injected 
from  time  of  operation,  development  was  parallel  in  all  respects  to  that 
observed  in  animals  receiving  comparable  unitages  of  sheep  gonadotro¬ 
phins.  The  growth  of  testes  and  accessory  organs  was  normal  or  in  excess  of 
normal:  spermatids  were  present  in  all  testes  and  sperm  appeared  in  two- 
thirds  of  the  rats  at  the  precocious  age  of  44  days.  The  rat  pituitary  extracts 
injected  contained  all  the  pituitary  hormones:  therefore  the  homologous 
gonadotrophins,  even  though  supplemented  by  non-gonadotrophins  known 
to  be  synergic  with  gonadotrophins,  were  still  ineffective  in  bringing  about 
precocious  development  in  the  immature  male. 

(ronadotrophic  potency  of  immature  rat  pituitaries 

Homogenates  of  anterior  pituitaries  from  immature  male  rats  (23  to  .33 
days  of  age)  were  assayed  for  gonadotrophic  content  by  injection  for  l.o 
days  in  the  standard  hypopliysectomized  40  day  old  male  rat.  As  shown  in 
Table  0,  the  anterior  pituitaries  of  these  immature  males  contained  ade¬ 
quate  hormones  to  stimulate  the  reproductive  system  to  full  development 
for  the  chronological  age  (oo  days). 

Influence  of  FSH  on  maintenance  and  repair  of  the  reproductive  system  of  the 
hypophysectomized  male  rat  by  testosterone  propionate 

Provided  it  can  be  assumed  that  IC8M  is  effective  in  stimulation  of 
testicular  tubules  through  stimulation  of  Leydig  cell  secretion,  and  that 
FSH  augments  the  action  of  ICSH,  the  question  then  arises  whether  FSH 
acts  synergistically  directly  with  ICSH  or  through  the  androgen  secreted. 
Comparisons  were  accordingly  made  lietween  the  response  to  F'SH  com¬ 
bined  with  testosterone  propionate  and  to  FSH  combined  with  ICSH.  The 
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levels  of  testosterone  propionate  ehosen  were  low  but  were  known  to  be 
within  the  ran^e  effeetive  in  the  40-(lay-ol(l  hypophyseetomized  test  animal 
(!()).  In  maintenanee  studies  the  testosterone  propionate  was  injeeted  in 
daily  doses  of  10  or  oO  /xjj;  alone  and  in  eombination  with  FSII,  for  periods  of 
lo  days.  The  level  of  FSII  injeeted,  2  u.u.  daily,  had  only  slif«;ht  effeets  on 
testieular  weifjht  or  differentiation  and  no  effect  on  accessory  or^an 
weights.  The  lowest  dose  of  testosterone  propionate  (10  gg),  when  adminis¬ 
tered  alone  from  the  time  of  hypophysectomy  had  but  slight  capacity  to 
maintain  testicular  and  accessory  organ  weights  (Table  8).  When  it  was 
injected  with  FSII  a  slightly  greater  degree  of  testicular  weight  mainten¬ 
ance  resulted  than  from  either  component  alone,  and  spermatids  with 
compact  nuclei  remained  adherent  in  some  tubules.  The  combination  did 
not  significantly  increase  the  weight  of  accessory  organs  resulting  from 
testosterone  propionate  alone.  Daily  doses  of  50  gg  of  testosterone  given 
alone  still  caused  oidy  partial  maintenance  of  testes  but  increased  accessory 
organ  weights  above  the  normal  55-day  range.  When  this  level  was  com¬ 
bined  with  FSII,  tubular  differentiation  advanced  to  formation  of  sperm 
at  the  normal  age  of  55  days,  although  testicular  weights  were  only  main¬ 
tained  at  the4()-day  level.  FSII  did  not  increase  the  capacity  of  testosterone 
to  stimulate  accessory  organ  development. 

In  attempts  to  repair  the  reproductive  .system  after  a  14  day  regre.ssion 
period  (Table  8),  10  gg  daily  do.ses  of  testosterone  pi'opionate  did  not 
increase  the  weight  or  differentiation  in  the  atrophied  testis  even  when  the 
injection  period  was  extended  to  28  days,  and  caused  only  incomplete 
reinstatement  of  acce.'^.sory  organs.  This  dose  of  testosterone  combined  witli 
5  H.u.  FSII  (alone  ineffective  in  repair)  still  resulted  in  slight  or  no  repair  of 
the  testis  and  no  further  increase  in  accessory  organ  weights.  The  addition 
of  growth  and  lactogenic  hormones  to  this  combination  increased  testicular 
weight  and  differentiation  somewhat  and  cau.sed  a  slight  increase  in 
acce.s.sory  weights.  Five  times  this  do.'^e  of  testosterone  propionate  (50  gg), 
a  dose  unable  alone  to  repair  the  testis,  did  increase  testicular  weight  when 
combined  with  FSII,  although  the  combination  did  not  significantly  im¬ 
prove  tubular  development  and  did  not  further  increa.se  acce.ssory  organ 
weights.  Testosterone  injected  in  daily  do.ses  of  250  gg  increased  testicular 
weights  above  the  condition  at  on.set  and  a  few  spermatids  were  formed;  at 
the.se  daih’  doses  the  accessory  organ  weights  were  many-fold  tho.se  in 
normal  55-day-old  rats.  The  combination  with  FSII  restored  the  weights  of 
testes  almost  to  the  normal  40-day  status,  but  what  is  even  more  important , 
accomplished  spermatid  and  .sperm  formation.  The  accessory  organs  were 
far  above  55-day  normal  range,  and  were  somewhat  larger  than  after 
testosterone  alone,  but  as  ob.served  at  lower  dose  levels,  there  was  no 
definite  evidence  that  FSII  augmented  the  action  of  testosterone  on 
accessory  organs.  This  highest  dose  of  testosterone  propionate  (250  /xft)- 
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low,  compared  with  doses  found  effective  by  Nelson,  and  by  CJaarenstroom 
and  de  Jongh  for  spermatogenesis  in  the  regressed  testis  of  hypophysec- 
tomized  rats  (3-6). 


DISCUSSION 

Although  normal  weanling  male  rats  could  not  be  matured  precociously, 
they  responded  readily  to  pituitary  gonadotrophins  after  hypophysectomy. 
Intact  rats  were  likewise  unresponsive  to  sheep  pituitary  gonadotrophins 
supplemented  by  other  pituitary  hormones  known  to  be  synergic  with 
gonadotrophins,  or  to  homologous  gonadotrophic  preparations  containing 
these  synergic  substances.  The  pituitaries  of  such  weanling  males  con¬ 
tained  gonadotrophins  in  adequate  amounts  to  cause  sperm  formation 
in  hypophysectomized  recipients.  Some  explanation  must  therefore  be 
sought  for  the  failure  of  precocious  development  in  normal  immature 
males,  other  than  insufficiency  of  pituitary  hormones,  or  lack  of  sensi¬ 
tivity  of  the  testis  to  either  heterologous  or  homologous  pituitary 
hormones. 

As  reported  here  a  daily  dose  of  ICSH  as  low  as  j  r.u.  maintained  and 
advanced  tubular  development  in  the  40-day-old  hypophysectomized  rat. 
Such  doses  showed  morphological  evidence  of  partial  interstitial  cell  main¬ 
tenance  but  the  accessory  organs  were  not  stimulated  and  much  larger 
doses  were  required  to  maintain  the  pre-operative  status  and  accelerate 
their  growth.  It  can  nevertheless  be  assumed  that  the  androgen  secreted 
by  the  stimulated  Leydig  cells  was  responsible  for  the  development  of  the 
seminiferous  epithelium.  Higher  doses  of  testosterone  propionate  are  re¬ 
quired  for  spermatogenic  than  for  androgenic  action.  However,  other 
synthetic  androgenic  steroids  have  been  found  to  vary  markedly  in  the 
ratio  of  their  androgenic  to  spermatogenic  potencies,  some  having  higher 
,  gametogenic  than  androgenic  properties  (3,  17).  The  androgenic  steroid 
^  secreted  by  the  rat  under  the  influence  of  ICSH  may  also  excel  in  the 

[capacity  to  stimulate  tubules. 

^  The  similarity  between  the  synergism  resulting  from  FSH  combined 
jwith  testosterone  propionate  and  that  resulting  from  FSH  combined  with 
ICSH  suggests  that  the  mechanism  of  action  in  the  two  instances  is  the 
same,  and  that  the  FSH  does  not  synergize  directly  with  the  ICSH,  but 
rather  with  the  androgen  produced  through  the  action  of  the  ICSH. 

An  important  role  has  frequently  been  attributed  to  FSH  in  control  of 
the  male  reproductive  system  (6,  18-20)  yet  the  exact  role  may  be  difficult 
to  define.  As  pointed  out,  ICSH,  administered  immediately  after  hypopln  - 
sectomy,  had  the  capacity  not  only  to  stimulate  Leydig  cells  and  accelerate 
accessory  organ  growth  but  also  to  maintain  and  advance  spermatogenesis 
and  spermiogenesis.  However,  when  injected  after  post-hypophysectomy 
atrophy  of  the  testis,  it  did  not  act  as  a  complete  gonadotrophin  though 
administered  at  higher  doses  and  for  twice  the  period  needed  for  mainten- 
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anco.  W’lieii  it  was  supplemented  by  FSJf,  botli  repair  and  continued  de¬ 
velopment  of  the  testis  and  accessory  organs  followed,  demonstrating  that 
FSH  does  play  a  role  in  control  of  the  male  reproductive  system.  It  is  not 
easy,  however,  to  determine  just  what  contrihution  FSII  makes  in  develop¬ 
ment  of  the  testis.  As  shown  here,  the  purest  FSII  preparations  available 
had  very  limited  capacity  to  maintain  spermatogenesis,  when  given  in  the 
dose  range  showing  no  contamination  with  ICSII.  Vet  small  doses  (e.g.,  of 
O.o  R.r.),  which  caused  only  slight  or  no  acceleration  of  tubular  activity, 
were  synergic  with  ICSII.  After  a  period  of  post-hypophysectomy  regres¬ 
sion  FSII,  which  had  scarcely  detectable  effect  on  the  tubules,  continued  to 
act  synergically  with  ICSII.  The  mechanism  by  which  FSII  furthers 
spermatogenesis  and  spermiogenesis  therefore  remains  obscure. 

It  has  been  shown  that  growth  and  lactogenic  hormones  increased  the 
action  of  ICSII,  and  increased  further  the  action  of  combinations  of  FSII 
with  ICSII,  particularly  on  the  accessory  organs.  It  was  .surprising  that 
two  purified  hormones  cau.sed  such  similar  respon.ses,  rpialitatively  and 
(piantitatively,  more  .so  con.sidering  that  no  dose-response  relationship 
could  be  established  between  the  amount  of  growth  or  lactogenic  hormone 
injected  and  the  extent  of  the  augmentation.  It  was  kiiown  that  both 
hormonal  supplements  were  contaminated  with  small  amounts  of  other 
pituitary  hormones:  the  contamination  with  gonadotrophins  (FSII  and 
ICSII)  was  so  small  in  both  the  growth  and  lactogenic  hormone  prepara¬ 
tions  (see  appendix)  that  it  is  improbable  that  they  influenced  the  response; 
the  other  two  main  contaminants,  TSII  and  ACTII,  likewise  did  not 
appear  to  be  responsible  for  the  augmentation,  since  purified  preparations 
of  the.se  hormones  given  alone  or  combined  with  gonadotrophins  did  not 
influence  the  testis  or  acces.sory  organs.  The  augmentation  of  the  gonado¬ 
trophic  action  of  ICSII  by  growth  and  lactogenic  hormones  does  not  appear 
to  be  due  to  the  contamination  of  either  hormone  by  the  other.  The  growth 
hormone  at  the  2.5  R.r.  level  had  only  slight  lactogenic  potency  (0.01 
I.U.).  The  Fact.  11  injected  in  males  for  the  15-day  experimental  period  did 
not  cau.se  a  significant  increase  in  body  weight  or  width  of  tibial  epiphyseal 
cartilage.  However,  it  may  be  noted  that  routine  bioassay  in  hypophysec- 
fomized  immature  female  rats  of  preparation  Xlll-P-S-d  disclosed  some 
contamination  with  (JII  (0.05  R.r.  in  1  i.u.).  The  other  preparation  of  Fact. 
II  used  (F2578A),  although  also  effective  in  augmentation,  contained  only 
about  one  third  the  (HI  contamination.  More  increase  in  acce.s.sory  organ 
weights  resulted  from  combinations  in  which  the  more  contaminated 
preparation  was  used,  .so  that  some  con.sideration  must  be  given  to  the 
possible  significance  of  contaminafion  with  (HI.  Perhaps  one  is  inclined  to 
attribute  greater  .significance  to  the  (Hi  as  an  augmenting  factor  due  to 
reports  of  beneficial  effects  of  CHI  on  the  .so-called  “specific”  action  of 
several  other  hormones,  such  as,  the  iiicrea.sed  calorigenesis  when  combined 
with  TSII  (15),  increased  mammary  gland  stimulation  when  combined 
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with  Lad.  II  Cil),  increased  male  accessory  orsaii  I’espoiise  when  c()inl)ine(l 
witli  testosterone  (22),  and  increased  adrenal  response  when  combined 
with  ACTH  (23).  The  participation  of  growth  and  lactogenic  hormones  in 
support  of  the  male  reproductive  system  has  been  reported  previously  by 
others  though  uo  agreement  was  reached  as  to  which  factor  played  the 
primary  role  and  which  was  the  contaminant  (23-27). 

It  seems  clear  that  in  the  male  the  ICSII  is  the  primary  anterior  pituitary 
hormone  responsible  for  the  .«<eminiferous  ei)ithelium  as  well  as  the  Leydig 
tissue,  inasmuch  as  no  other  pituitary  hormone  was  effective  in  its  absence. 

It  is  possible  to  evaluate  the  adecpiacy  of  K'SII  in  repair  and  maintenance 
of  reproductive  function  (piite  accurately,  inasmuch  as  one  can  give  high 
doses  without  evidence  of  contaminating  hormones  (.see  appendix).  ICSll 
has  been  purified  .^<0  that  six  thousand  times  the  minimal  effective  do.se 
shows  no  contamination  with  the  secoml  gonadotrophin,  F8H.  This  high 
degree  of  purification,  considered  with  the  very  low  doses  of  ICSII  effective 
in  the  male,  precludes  the  interpretation  that  the  results  of  ICSH  injection 
are  attributable  to  the  contaminating  FSH.  It  is  far  more  difficult,  how¬ 
ever,  to  investigate  the  role  of  FSH  in  the  male  .dnce  FSH  has  not  been  so 
completely  freed  from  its  capacity  to  stimulate  intersititial  tissue.  F.ven 
when  the  most  purified  preparations  of  FSH  are  used  one  is  restricted  to 
those  do.se  levels  which  do  not  show  stimulation  of  the  Leydig  cells  or 
androgen  secretion,  which  judged  by  routine  bioas.say  methods  permits 
oidy  a  40-70  fold  range  of  doses.  The  sensitivity  of  the  male  to  minute 
amounts  of  ICSII  accentuates  the  difficulty  iidierent  in  this  restricted 
range.  It  is  particularly  important  therefore  in  evaluation  of  FSH  prepa¬ 
rations  to  bear  in  mind  that  ICSH  exerts  effects  on  testicular  tubules  at 
doses  below  tho.se  at  which  its  other  physiological  attributes  are  shown. 

A P PEN  I) IX 

Hiologiail  Statidardizdiiott  of  Hormones 

Careful  bioas.says  were  made  of  all  hormonal  preparations,  both  for  the 
specific  hormonal  potency  and  for  contamination  with  other  pituitary 
hormones.  ICSH  and  FSH  were  assayed  in  hypophysectomized  immature 
females  of  the  Long-Fvans  strain  by  the  method  of  hivans  e(  al.  (2S,  29), 
as  described  again  recently  by  Woods  and  Simp.son  (30).  The  rat  unit 
(r.u.)  of  ICSH  is  defined  as  the  minimal  total  do.se,  injected  IF  daily  over 
a  3-day  period,  which  initiates  repair  of  the  deficient  interstitial  cells  in 
the  hypophysectomized  female  rat.  The  r.u.  of  FSH  is  the  minimal  total 
do.se  among  a  series  of  graded  do.ses  injected  SC  once  daily  for  3  days 
which  after  72  hours  results  in  microscopically  measurable  follicular  devel¬ 
opment  with  beginning  antrum  formation,  an  increase  in  follicular  diam¬ 
eter  from  37.")  g  to  4.50-.o()()  g,  in  two-thirds  of  the  rats  tested.  (Tlie  effec¬ 
tive  dose  for  follicular  development  in  ()7%  of  the  test  animals,  as  deter¬ 
mined  graphically  from  the  plot  of  the  probit  of  percent  response  to  the 
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log-dose  (El)()7),  was  found  to  correspond  to  the  Mid)  commonly  deter¬ 
mined  by  empirical  observation  (30). 

For  purposes  of  comparison,  ICSH  potency  was  also  determined  in 
hypophysectomized  males  by  the  ventral  prostate  method  of  Clreep  et  al. 
(.31),  and  comparisons  of  potency  were  made  with  XIII-LH-Sl.  The 
potency  of  FSH  preparations  as  determined  above  was  compared  with 
that  determined  in  the  normal  female  by  the  augmentation  test  under  the 
conditions  described  by  Steelman  and  Pohley  (32),  and  comparison  of 
potency  was  made  with  XIH-FSII-Sl. 

(Irowth  hormone  was  assayed  by  the  tibia  test  (33,  34)  and  a  unit  (R.u.) 
was  determined  as  the  total  dose  in  a  graded  series  of  dosages  which  pro¬ 
duced  50  ju  increase  above  the  control  width  of  the  proximal  epiphyseal 
cartilage  of  the  tibia.  Thyrotrophic  activity  (I'SH)  was  determined  histo¬ 
logically  (35)  (  ± designating  a  marginal  response;  -|-,  epithelium  higher 
cuboidal  with  less  flattened,  lighter  staining  nuclei  and  beginning  resorp¬ 
tion  of  colloid;  ++,  taller  cuboidal  epithelium  with  extensive  resorption 
of  colloid).  T8H  activity  was  also  measured  by  radio-iodine  uptake  and 
was  compared  with  the  U.S.P.  standard.  Adrenocorticotrophic  activity 
(ACTIi)  was  determined  histologically  (30)  in  Sudan  stained  sections  (  + 
indicated  minimal  respon.se  with  lipid  droplets  less  coarse  than  in  hypo¬ 
physectomized  control;  -1-+,  sul)glomerular  lipid  free  zone  obliterated: 
-j-  +  T,  marked  increase  in  width  of  cortex).  ACTH  activity  was  also 
measured  by  adrenal  ascorbic  acid  depletion  with  compari.son  with  the 
U.S.P.  unit.  Lact.  H  was  determined  in  pigeons  by  the  local  crop  sac 
method  (37)  and  expressed  in  international  units  (i.u.). 

Contamination  with  the  specific  target  organ  hormones  was  determined 
by  injection  of  high  doses  in  the  immature  hypophysectomized  female 
rat,  except  in  the  ca.se  of  Lact.  H  contamination  which  was  determined  by 
local  crop  injection  of  pigeons.  Contamination  of  ICSH  and  ACTII  with 
hypertensive  principles  was  determined  by  the  Endocrine  Laboratories, 
Madison,  Wisconsin,  according  to  the  method  outlined  in  U.S.  Pharma¬ 
copeia  XV  for  vasopressin. 

Hormonal  Preparations  Used;  Souree,  Unitage,  Degree  of  Purity 

The  ICSH  preparations  which  were  used  in  this  study  were  prepared 
from  extracts  of  sheep  pituitary  by  fractionation  with  (XH4),S04  followed 
by  ion-exchange  chromatography  on  DEAE-cellulose  (38-40).  Of  the  three 
ICSH  preparations  used,  the  MED  in  two  of  them  (III-IA  and  III-.58A) 
was  1.3  Mg;  the  MED  of  the  third  (V-17A)  was  1.0  Mg-  This  potency  is  to 
be  compared  with  MED  of  5.0  Mg  lor  XIH-LH-Sl,  as  determined  by  the 
same  method.  When  assayed  in  the  immature  hypophysectomized  male, 
Iil-58A  in  a  total  do.se  of  2.5  Mg  caused  100%  increase  in  ventral  prostate 
weight;  an  equivalent  reaction  re.sulted  from  15  Mg  of  XIH-LH-Sl.  Armour 
standard  LH227-80  was  equipotent  with  XIH-LH-Sl  by  both  tests.  Con- 
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taminatioii  of  ICSIl  preparations  FSH  was  less  than  0.02^o  (i.e., 

tliey  produced  no  follicular  stimulation  in  hypophysectoinized  assay  rats 
at  ().0  mg.).  The  contamination  of  ICSH  with  T8H  was  between  0.1  and 
0.2%  (MHl)  TSIl  >o00  <1000  /ug),  and  with  growth,  lactogenic  or  adreno- 
corticotropliic  hormones  (injected  in  0.9%  XaCl,  4  day  test)  was  less 
than  0.1%  (MHI)>1000  mk)-  A  preparation  of  ICSH  containing  1000 
u.u. /mg.  contained  a  contamination  with  vasopressor  principles  of  le.ss 
than  0.4  U.S.P.  units  per  mg. 

FSII  was  prepared  from  sheep  pituitaries  by  the  method  described  by 
Woods  and  Simp.son  (HO).  The  four  preprations  used  in  this  study  had 
potencies  and  contamination  with  ICSH  as  follows; 


Prcpariition  No. 

MKI),  FSII  MU 
(M) 

.\Iultii)lc  -MFl)  FSII 
<-ontainiii('  M FI )  I(  SH 
(H) 

.Multiple  of  poteiiev 
of  XIll-FSII-Sl  ■ 

(N) 

1 1 1-2.5(; 

I.:? 

22  X 

lOX 

2.  a 

:?.tX 

isx 

V-47(; 

2.:? 

TiX 

4.1  X 

1  .7 

70  X 

:?2X 

The.se  FSII  preparations  were  contaminated  with  le.ss  than  0.1%  of  (HI, 
Fact.  H,  TSH  and  AC'TII  (i.e.,  negative  at  100  times  the  MFl)  for  FSII). 
The  potencies  of  FSII  standards  donated  by  the  Endocrinology  Study 
Section,  National  Institutes  of  Health,  and  Armour  were  determined  by 
the  methods  in  use  here  in  order  to  make  comparisons  with  preparations 
used  here:  the  MED  for  NHI-FSH-Sl  in  the  hypophysectoinized  female 
rat  was  55  jug;  the  MliD  for  Armour  Standard  FSII  2()4-lol-X  was  110 
fig.  By  the  augmentation  test  in  normal  female  rats  XIH-FSH-Sl  was  1.7 
times  as  potent  as  Armour  Standard  FSII  2()4-1.51-X.  XIH-FSH-Sl  caused 
repair  of  interstitial  cells  in  the  hypophysectoinized  female  rat  at  5  times 
its  MED  for  FSII.  Armour  Standard  FSII  2()4-1.51-X  showed  ICSH  con¬ 
tamination  at  IHO  fig,  approximately  the  MED  for  FSII. 

(Irowth  hormone  ((J-4:i)  was  prepared  from  sheep  pituitaries  by  (1.  Xoda 
according  to  the  method  of  Ellis  c/  al.  (41)  and  had  a  40  fig  MED  by 
the  tibia  assay.  Contamination  with  lactogenic  hormone  was  0.1  i.u.  per 
mg.  Therefore,  in  the  daily  do.se  of  2.5  r.at.,  a  level  which  was  freipiently 
injected  in  these  studies,  the  equivalent  of  0.01  i.u.  lactogenic  hormone 
per  day  was  administered.  Contamination  with  ICSH  and  TSH  was 
detected  at  2.5  mg.,  and  for  ACTH  (in  0.9%  X"aCl,  4  day  test)  at  5.0  mg. 
Treatment  of  this  (HI  preparation  with  periodate  by  the  method  of  (lesch- 
wind  and  Li  (42)  reduced  contaminants,  increasing  the  MIH)  for  TSH  and 
ICSH  to  5.0  mg.  and  for  ACTH  to  >5  mg.,  without  affecting  the  growth 
promoting  potency. 

Two  Lact.  H  preparations  prepared  from  sheep  pituitaries  were  used. 
XIH-P-S-.3  was  a  purified  preparation  donated  by  the  Endocrinology  Study 
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Section,  National  Institutes  of  Health,  stated  to  have  a  potency  of  lo 
i.r.  per  mg.  The  MKl)  for  (HI  in  this  preparation  was  deterinined  to  be 
2.0  mg.;  the  minimal  etfective  dose  for  contamination  with  P'SII,  ICSII 
and  TSII  was>o  mg.  (As  stated  by  the  Endocrinology  Study  Section, 
the  contamination  of  the  preparation,  Nlll-P-S-^i,  was  TSII  <0.0004 
E.S.P.  units  per  mg.;  ACTH  0.0002o  i.u.  per  mg.  (by  adrenal  ascorbic 
acid  depletion),  vasopressin  or  oxytocin  not  more  than  O.Oo  units  per  mg.; 
the  (HI  content  was  stated  to  be >0.1  but  <1.0%  of  the  potency  of  a 
highly  purified  (HI  bovine  (<0.01  unitS/ing.).)  The  second  preparation 
of  Lact.  II  used,  L237SA,  was  donated  by  C.  II.  Li,  and  shown  by  standard¬ 
ization  here  to  contain  between  15  and  20  i.u.  Lact.  II  per  mg.,  and  to 
have  an  MIH)  for  (HI  of  5.0  mg. 

The  TSII  used  (LLU-TSII-Sl)  was  prepared  from  sheep  pituitaries  by 
L.  L.  Rosenberg  by  the  method  of  Pierce  c(  al.  (43).  The  MED  for  initia¬ 
tion  of  thyroid  repair  in  the  hypophysectomized  rat  was  5  jug  and  by 
comparison  with  the  U.S.P.  standard,  it  contained  3. 5-4.0  U.S.P.  units,  mg. 

Sheep  ACTH  (LLR-llO-Dl)  was  prepare<l  by  L.  L.  Rosenberg  by  the 
method  described  by  Rosenberg,  Evans  and  Simpson  (44).  Standardization 
by  the  adrenal  ascorbic  acid  depletion  method  showed  the  preparation  to 
contain  100  U.S.P.  units/mg. 

For  comparison  with  the  gonadotrophic  activity  of  purified  sheep  pitu¬ 
itary  preparations,  extracts  were  prepared  of  rat  anterior  pituitaries  col¬ 
lected  from  normal  and  castrate  adult  males.  The  castrate  males  were 
50  to  SO  days  old  at  operation  and  were  sacrificed  four  to  six  weeks  post¬ 
operative.  Dissected  anterior  pituitaries  were  homogenized  and  extracted 
with  40%  ethanol  at  25°  C,  followed  by  precipitation  in  S0%  ethanol  at 
3°  C,  then  dialysis  and  lyophilization  of  the  precipitate.  The  MED  for 
FSH  in  the  preparation  from  castrate  pituitaries  was  30  jug,  for  ICSII  5 
jug,  and  for  (HI  40  jug.  .Vnterior  pituitaries  were  also  collected  from  normal 
immature  male  rats  (23  to  33  days  old,  body  weight  range  35  to  121  gins., 
average  57  gm.).  These  pituitaries  were  homogenized  in  0.9%  XaCl,  and 
fresh  homogenates  were  prepared  for  each  experimental  series  and  stored 
during  the  4  day  injection  period  at  5°  C. 

Crystalline  testosterone  propionate  used  in  these  studies  was  obtained 
from  Mann  Research  Laboratories,  Inc. 
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AX  I  XIDEXTIFIED  CONTAMINANT  OF 
HADIOIODIDE  PREPARATIONS^- 
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Dallas,  Texas 

ABSTRACT 

A  non-iodide  comiionent  was  observed  in  a  number  of  samples  of  radio¬ 
iodide  obtained  from  K.  R.  Squibb  <fe  Sons  duriiiK  the  period  December  1959 
throuffh  March  1990.  This  comiionent,  which  is  referred  to  as  I’,  for  unknown, 
is  both  biolonically  and  chemically  distinguishable  from  radioiodide.  It  re¬ 
sembles  closely  an  I'”  comi)onent,  called  Cnknown  2,  previously  encountered 
in  subcellular  preparations  incubated  with  radioiodide.  C,  which  appears  to 
l>e  an  oxidized  form  of  inorganic  iodine,  is  acid  labile  and  is  not  as  well  utilized 
by  thyroid  tissue  as  is  radioiodide.  Formation  of  U  in  radioiodide  preparations 
can  be  jjrevented  by  the  presence  of  reducing  agents  such  as  sulfite,  ex  steine.  or 
1  methyl-2-mercaptoimidazole.  The  unknown  I”'  component  was  not  ob¬ 
served  in  I'®‘,  samples  obtained  from  Oak  Ridge  National  Laboratory,  nor 
was  it  present  in  more  recent  samples  of  I'®'  obtained  from  K.  R.  Squibb  & 

.'sons  in  which  sp«‘cial  precautions  were  taken  to  prevent  its  formation. 

DUHINCi  tlie  course  of  experiments  in  which  thyroid  tissue  slices  were 
incubated  in  a  l)uffer  medium  containing  added  radioiodide  obtained 
from  E.  H.  Squibb  &  Sons  (Squibb  lodotope,  oral  solution),  P**  uptakes 
by  the  ti.ssue  were  only  al)out  one-third  as  great  as  those  that  had  been 
observed  in  many  previous  experiments  employing  P®'  obtained  from  Oak 
Ridge  National  Laboratory.  The  low  uptakes  were  subsequently  found  to 
be  due  to  the  presence  of  an  extraneous  P*^  component  in  the  Squibb 
radioiodide  preparation.  This  component,  which  comprised  as  much  as 
■>0  per  cent  of  the  total  P®^  in  some  samples,  is  referred  to  in  this  communi¬ 
cation  as  U,  for  Unknown.  Its  chromatographic  and  chemical  properties 
were  found  to  be  very  similar  to  those  of  another  unidentified  P®‘  com¬ 
ponent,  called  U-2,  which  Taurog  ct  al.  encountered  in  thyroid  and  sub¬ 
maxillary  subcellular  preparations  incubated  with  P®‘  (1).  The  pre.sent 
communication  deals  with  the  chemical  and  biological  properties  of  U  and 
with  its  relationship  to  unidentified  P®‘  components  previously  reported  by 
other  workers  (2,  R)  in  radioiodide  preparations. 

Roceived  November  28,  1990. 

‘  Aided  by  (Irani  No.  A-.3912  from  the  V.  S.  Publie  Health  Service. 

-  A  preliminary  account  of  this  work  was  presented  before  the  Endocrine  Society 
(Program  of  the  Forty-Second  .Meeting,  Miami  Beach,  Florida,  June  9-11,  1990,  p.  49). 
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EXPERIMENTAL 

rissMf  Slice  Experiment.^ 

Thyroid  tissue  was  eollected  from  freslily  slaufthtered  animals  at  a  local  abattoir  and 
brouKht  tt)  the  laboratory  pack(*d  in  ice.  Slices  of  tlm  trimmed  glands  were  j)repared 
manually  with  a  razor  blade  and  collected  in  a  shallow  dish  of  Krcbs-Ringer-bicarbonate 
buffer  kei)t  on  ice.  When  possible,  slices  from  a  single  gland  were  used  for  all  the  samples 
in  one  experiment  to  avoid  differences  in  activity  between  glands  of  different  animals. 
The  slices  wen*  blotted  on  filter  paper  immediately  before  weighing,  and  200  mg.  portions 
were  added  to  3  ml.  of  Krebs-Hingcr-bicarbonate  buffer  containing  about  0.2  pc.  of 
radioiodide.  Incubations  were  made  in  2o  ml.  glass-sto])pered  flasks,  which  were  flushed 
with  a  mixtun*  of  95  percent  O-j  and  5  jx'rcent  C'On  immediately  befon*  being  placed  on 
the  shaking  incubator,  .\fter  90  to  120  minutes  of  incubation  at  37-3S°  (’,  the  contents 
of  each  flask  were  poured  thnnigh  a  coarse  filter,  ami  the  slices  w(‘re  pick(*d  uj)  individ¬ 
ually  with  forceps,  quickly  dippeil  si'veral  times  in  cold  saline  or  buffer,  and  i)laced  di¬ 
rectly  in  a  counting  vial  for  I'^'  assay. 

In  Vivo  Experiments 

Si)rague-Dawley  male  rats  were  ])urchased  from  Holtzman  Animal  Farms  and  were 
maintained  on  a  commercial  diet.’  The  mean  body  weights  in  different  experiments 
varied  from  1.50  to  2.50  grams.  Carrier-free  I”*  {0.5-1  pc.)  was  admini.st<‘n‘d  orally  by 
gastric  intubation,  intrai)eritoneally,  or  intravt'nously  via  tail  vein.  Thyroids  were  re¬ 
moved  after  20-24  hours  and  counted  in  the  .scintillation  well-counter. 

Rndioiodide  Preparations 

Comparisons  were  made  between  Sejuibb  lodotoi)e,  oral  solution,  referred  to  hereafter 
as  Squibb  lodotope,  and  I”'  purchased  directly  from  Oak  Hidgt*  National  Laboratory 
and  referred  to  hereafter  as  Oak  Ridge*  I'”.  In  one  experiment  obs(*rvations  were  also 
made  with  .\bbott  Oriodide,  oral  solution,  obtained  from  .\bbott  Radio-l’harmac(*uticals, 
Oak  Ridge*,  Tennes.see*.  All  I'”  solutions  were  rece*ive*el  in  the  e*arrie*r-fre*e*  feerm.  leeeliele 
carrier  was  aeleleel  in  some  (*xpe*rim(*nts,  as  inelicateel  bele)w. 

Chromatography 

Asceneling  filter  j)ape*r  chromateegraphy  eef  the  I”'  .seelutions  was  e*arrie*el  edit  em  strips 
e)f  Whatman  3  MM  paper,  10X35.5  e  m.  The*  sedvent  employe*el  in  most  instance’s  was 
butane)l-ethanol-2N  Nn40H  (5:1:2).  Other  eh*tails  of  the*  chromatogra])hic  techniepn* 
were  as  previously  ele*scribe*el  (4).  In  all  instane*{*s,  unless  otherwise  stateel,  l-me>thyl-2- 
mere*aptoimielaze)le  (Tapazede,^  7X10  LM)  anel  ioeliele  (5X10“’.M)  were*  aelele*el  just  be*- 
fore  ehromate)gra|)hy  to  the  .solutieen  tee  be*  chre)mate)graphe*el  to  pre*ve*nt  artifae*ts  of 
chromatography. 

Elution 

The  .s(*ctie)n  of  the*  chreunateegram  ce)rre*spe)neling  to  the  C  banel  was  le>cate*el  by  raeliee- 
auteegraphy  anel  cut  out  in  the  feerm  of  a  narreew,  rectangular  strip,  approximately  1 .5X10 
cm.  The  strip  was  pointe*el  at  one*  enel,  anel  the  oi)posite  enel  was  wette*el  to  a  elistane*e*  eef 
about  1  cm.  with  0.15  M  \aHCO3.  The  wette*el  end  was  attacheal  by  simple  adhesion  to  a 
wetteel  filter  paj)e*r  wick  helel  in  plae*e  in  a  glass  trough  partially  filleel  with  0.15  M 
NaHCOs.  Ten  or  twelve  strips  were*  so  tre*ate*el  anel  simultaneously  plute*el  uneler  a  be*ll 
jar  at  room  temperature*,  the  eluate  be*ing  ce)Ile*cte*el  in  small  vials.  The  I'”  in  the*  C  banel 

’  Cncle  .Jedmny’s  HHD,  Cnch*  .ledinny  Mills,  Houston,  Texas. 

*  Kinelly  su])plieel  b}’  Eli  Lill}’  efe  Company,  Inelianapolis,  Indiana. 
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was  quantitatively  olutod  from  the  paper  when  ai)pro.\iniately  0.3  ml.  of  XaHC'Oa  solu¬ 
tion  had  eolleeted  in  the  vial. 


RESULTS 

/'**  Uptakes  in  Thyroid  Tissue  Sliees 

Results  of  several  experiments  in  which  both  Stpiibl)  lodotope  ami  Oak 
Ridge  I'-'”  were  employed  are  shown  in  Table  1.  U.se  of  the  Stpiibb  prepara- 


TaBI.E  1.  I”'  rPTAKES  IN  THYROID  TISSI  E  SI.K'ES  IXCI  BATEI)  WITH 
SylTBB  loDOTOI’E-ORAI,  SOLI  TIOX  OR  OaK  HiDOE  I*” 


.\nimal 

!•’'  .Source 

.\ge  of 
from  date 
received 

Carrier  iodide 
added 

Percent  uptake 
of  added  P’’ 
in  slice.s 

(davs) 

(Mg  per  cent) 

IIoK 

Squibb 

3 

0 

25-27 

Oak  Ridge 

0 

0 

(>3-7 1 

lIoK 

.Squibb 

0 

)) 

•27-34 

Squibb 

8 

0 

17-18 

Oak  Ridge 

0 

.57-t>t> 

Hok 

Squibb 

17-18 

Oak  Ridge 

48 

.t8-()3' 

Cow 

Squibb 

Hi 

‘2,T-'2t) 

Oak  Ridge 

37 

83-811 

tion  consistently  led  to  uptakes  only  one-half  to  one-third  as  great  as  tho.se 
observed  when  the  Oak  Ridge  was  employed.  The  pre.sence  or  absence 
of  added  iodide  carrier  did  not  affect  the  results,  nor  did  the  age  of  the 
sample  from  the  time  it  was  received  appear  to  have  any  effect. 

Thyroid  /'^*  Uptakes  In  Vivo 

When  rats  were  injected  intraperitoneally  with  Scjuibb  lodotope,  thyroid 
uptakes  were  significantly  less  than  those  observed  following  .similar 


Tabi.e  2.  Thyroid  I”'  i  ptakes  ix  rats  akter  oral  or  ixtraperitoxeal 

ADMI.XISTRATIOX  OK  SqITBB  OR  <  )aK  HiDOE 


Source 

Route  of 
adininistration 

Xo.  of  rats 

Interval 

Percent  uptake 
in  thyroids 

S<|uibb 

Oral 

8 

(hours) 

•21 

12.0  +  1  .11* 

.S(|iiibb 

IP. 

•21 

2.7  +  1  .2 

Oak  Ridgi' 

Oral 

i 

•21 

10.3  +  1  .1) 

Oak  Ridge 

IP. 

7 

•21 

18.3  ±2.8 

Squibb  1 

( Iral 

5 

•20 

7.0+  .13 

Squibb 

l.P.  , 

!  5 

20 

2.4  ±  .10 

Squibb 

( )ral 

4 

18 

7.0  ±  .02 

Squibb 

IP. 

4 

18 

3.7+  .77 

Oak  Ridg«‘ 

Oral 

4 

18 

0.0+  .03 

Oak  Ridge 

l.P. 

4 

18 

0.0  ±  .00 

Squibb 

1  Oral 

1  .-) 

•20 

0.0 +  1.3 

Sipiibb 

i  l.P. 

!  ! 

20 

j  4.8  ±  ..yO 

*  .Mean  ±  standard  error. 
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injection  of  Oak  Kidge  1*®^  (Table  2).  Tins  difference,  however,  was  largely 
abolished  if  the  was  administered  by  gastric  intubation.  The  latter 
mode  of  administration  gave  much  higher  uptakes  than  the  intra peritoneal 
route  when  the  S(iuibl)  prepration  was  employed,  increasing  the  values  to 
the  range  observed  after  administration  of  Oak  Ridge  I'"’*.  Route  of 
administration  did  not  have  any  consistent  effect  on  the  results  obtained 
with  Oak  Ridge  I‘^‘. 

Chromatograph jj  of  Squibb  and  Oak  Ridge  I*'** 

Figure  1  illustrates  the  chromatographic  purity  of  one  pair  of  Oak 
Ridge  and  Scpiibb  1'®*  preparations  employed  in  the  above  studies.  It  is 
apparent  that  the  S(juibb  product  contained  a  major  1'-*^  contaminant, 
referred  to  here  as  T,  and  several  minor  contaminants.  The  Oak  Ridge 
sample,  on  the  other  hand,  contained  very  little  non-iodide 

During  the  course  of  this  investigation,  chromatograms  similar  to  that 

SQUIBb  ORAL  SOLUTION  I  OAK  RIDGE 
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0.5 


4.8 

4.7 
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0.1 


Fig.  1.  RadioautoKraphs  of  chroniatofjrams  of  t?quil)l)  lodotopt'  (left)  and  Oak  Rid^t' 
I'”  (right),  cdiromatograplicd  four  and  five  days,  ri-spectivcly,  after  the  1**'  solutions  had 
l)een  received.  Ta|)azole  (75  /ug ml.)  and  carrier  iodide  (5  juK/  iul.)  were  add(‘<l  before 
chromatography.  The  nuinlx'rs  refer  to  the  i)ercentage  of  I'”  on  the  chromatogram  in  the 
various  bands. 

Sipnhols:  O,  origin;  I,  iodide;  1',  unknown;  S.F.,  solvent  front. 

Chromatographing  solvent:  Hutanol-ethanol-2X  XH4()II,  5:1  :2. 
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shown  in  Figure  1  were  obtained  with  eleven  different  S(iuibl)  lodotope 
preparation  (from  December,  lOob  tlirough  March,  llHiO),  wliereas  six 
different  Oak  Ridge  radioiodide  samples  tested  over  the  same  period 
showed  negligible  contamination. 

The  use  of  several  different  chromatographing  solvents  to  illustrate  the 
presence  of  the  V  contaminant  in  Scpiibb  lodotope  is  shown  in  Figure  2. 

CHROMAIOBRUPHV  OF  SQUIBB  IN  VARIOUS  SOLVENTS 

S.F.  S.F. 

S.F. 

BuOH-EtOH-  BuOH-EtOH-  BUOH-NH4OH  jt-AmOH-ErOH 
NH4OH  Water  NH4OH 


50  U 

32  '  I 


0  0 - 

- 0 


Fig.  2.  Hadioautograplis  of  chromatograms  of  Stiuihh  lodotope  in  different  solvent 
systems.  The  eompositions  of  the  solvents  were  as  follows:  ]tntanol-ethanol-2N  XH4()H, 
.'):2:l:  hntanol-L'thanol-water,  .5:1:2;  l)Utanol-2X  XHiOH,  10:1;  t-amyl  aleohol-eth- 
anol-2X  XH4OH,  .5:1  :2.  Tapazole  (7.5 /ig  ml.)  and  carrier  iodide  (.5 /ig  ml.)  were  adde<l 
before  chromatography.  Xnmhers  and  symbols  have  the  same  meaning  as  in  Figure  1. 


There  is  good  agreement  among  the  different  .solvents  for  the  percent 
distribution  of  the 

Formation  of  U  from  Oak  Ridge 

Discu.ssion  with  Dr.  Howard  Stern  of  K.  R.  Stpiibb  and  Sons  revealed 
that  Stpiibb  lodotope  is  prepared  from  Dak  Ridge  or  Canadian  Atomic 
laiergy  by  dilution  with  .9%  saline,  adjustment  of  pH  toward  neutral¬ 
ity  with  HCl,  and  addition  of  .9%  benzyl  alcohol.  The.se  conditions  were 
partially  reproduced  in  this  laboratory  by  adding  100  jal.  of  Oak  Ridge 
to  0.5  ml.  of  .15M  saline  containing  5  fA.  of  benzyl  alcohol.  Immediately 
after  mixing,  25  /xl.  of  the  .solution  was  withdrawn  for  chromatography. 
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Tlie  solution  was  then  placed  in  a  lead  shield  at  room  temperature,  and 
2o  juh  alicpiots  were  withdrawn  for  ehromatography  at  intervals  there¬ 
after.  The  ehromatography  was  always  performed  in  the  presence  of 
Tapazole  (approximately  and  carrier  iodide  (approximately 

1()“^M).  In  most  experiments,  there  appeared  on  the  chromatograms 
within  the  first  day  or  two  after  storage  an  I'*'  component  which  resemhled 
in  all  respects  the  unknown  observed  in  the  Scpiibh  preparations.  This 
component  increased  with  time  and  in  one  experiment  (illustrated  in 
Figure  ’A)  it  represented  over  oO  percent  of  the  total  I''*‘  on  the  27th  day 
after  initial  mixing.  Appearance  of  this  component  was  greatly  inhibited, 
however,  in  two  other  mixtures  of  saline,  benzyl  alcohol,  and  Oak  I’idge 
to  which  Tapazole  (.5xlO“bM)  or  iodide  (If  XlO““AI)  had  been  added 
immediately  after  mixing  so  that  these  agents  were  present  throughout  the 
l)eriod  of  standing  (Fig.  If). 


Fig.  It.  F(»rination  of  1'  with  time  in 
mixturi'  of  0.1')  M  saline,  0.0(1^  henzyl 
aleoliol,  anti  Oak  Hiilfji'  !'•*'.  Sec*  tc*xt  for 
details. 
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(’onsiderable  variation  in  the  amount  of  U  formation  was  noted  in 
different  experiments.  In  two  experiments,  pins  saline,  but  without 
benzyl  alcohol,  gave  ri.se  to  appreciable  V  formation  after  10  to  20  days 
of  standing.  However,  in  all  instances,  the  presence  of  a  small  concentra¬ 
tion  of  Tapazole  or  of  carrier  iodide  completely  inhibited  or  greatly  reduced 
the  formation  of  V. 

Iidiibition  of  U  formation  by  the  pre.sence  of  a  small  concentration  of 
Tapazole  suggested  that  its  formation  involves  an  oxidative  step,  since 
Tapazole  is  known  to  block  oxidation  of  iodide.  The  results  with  iodide 
carrier  suggested  that  the  formation  of  U  in  preparations  is  a  tracer 
effect  related  to  the  minute  concentration  of  iodide  in  carrier-free  I‘'*‘ 
preparations.  It  seems  likely,  therefore,  that  U  formation  from  carrier-free 
may  be  related  to  minute  concentrations  of  oxidizing  impurities 
in  the  water  and  in  the  reagents  used  for  admixture.  The  role  of  I''*'  radia¬ 
tion  it.self  in  the  formation  of  U  was  not  investigated,  but  it  may  be 
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pointed  out  tliat  tlie  I'®'  concentrations  (me. /ml,)  of  Oak  I’idge  I'"’*  sam¬ 
ples  which  showed  no  extraneous  hands  were  20-40  times  greater  than 
those  of  Scpiihl)  radioiodide  samples. 

Instuhility  of  V  in  Acid 

As  indicated  above,  the  U  hand  observed  in  S(|uihh  lodotope  is  very 
similar  in  Rf  value  to  an  unidentified  I'*'  hand  which  Taurog  ct  al.  de- 
scril)ed  in  10o7  in  thyroid  and  suhmaxillary  suhcellular  preparations  incu¬ 
bated  with  Oak  Ridge  radioiodide  (1).  The  latter  unidentified  component 
was  designated  as  Unknown  2,  or  U-2.  An  interesting  characteristic  of 
U-2  was  its  rapid  conversion  to  iodide  when  exposed  to  acid.  Similarly,  the 
U  hand  observed  in  the  Scpiibh  radioiodide  was  also  acid  labile.  If  a  sample 
of  Scpiibb  radioiodide  previously  shown  to  contain  a  high  percentage  of  U 
was  acidified  with  HCl,  then  neutralized  with  NallCOs  immediately  be¬ 
fore  chromatography,  only  a  band  for  iodide  I*®'  was  oliserved  on  the  radio¬ 
autogram.  This  suggested  an  identity  between  the  U  band  of  the  present 
study  and  the  U-2  band  of  the  previous  study.  It  also  offers  an  explanation 
for  the  discrepancy  between  oral  and  intraperitoneal  uptakes  observed 
after  administration  of  Sfiuibb  lodotope,  since  it  would  be  expected  that 
tlie  unknown  would  be  rapidly  converted  to  iodide  R'”  in  the  acid  of  the 
stomach. 

Formation,  of  U  in  the  Absence  of  Organic  Material 

The  U-2  band  previously  described  (1)  was  thought  to  be  an  organic 
R'*'  compound,  and  it  was  suggested  that  it  might  contain  a  labile  X-I 
bond.  However,  it  seemed  very  uidikely  that  the  U  band  of  the  present 
investigation  was  organic  in  nature,  .since  the  only  organic  material  present 
in  solutions  in  which  it  appeared  was  benzyl  alcohol.  To  obtain  further 
information  on  this  point.  Oak  Ridge  R*'  was  mixed  with  alkaline  hydrogen 
perioxide  in  the  absence  of  any  organic  material.  Iodide  carrier  was  added 
in  most  experiments  to  avoid  trace  effects.  Samples  were  withdrawn  for 
chromatography  after  approximately  two  hours,  and  a  band  that  appeared 
to  be  identical  with  the  U  band  of  the  Squibb  lodotope  was  observed  on 
all  the  chromatograms.  The  reaction  was  succe.s.sful  only  when  high  con¬ 
centrations  of  the  II, ()j  were  employed.  Results  of  some  typical  experi¬ 
ments  illustrating  the  conditions  and  percentage  yields  are  recorded  in 
Table  3. 

Experiments  leith  Flnates  of  U 

Chromatograms  containing  an  apprecial>le  percentage  of  their  R®‘  in  the 
U  band  were  prepared  from  mixtures  of  saline,  benzyl  alcohol,  and  Oak 
Ridge  R'**  and  al.so  from  treatment  of  Oak  Ridge  R*‘  with  alkaline  II jO,. 
The  R®‘  in  the  U  band  was  eluted  from  tlie  paper  with  a  small  volume  of 
0.15  M  XallCOs,  as  described  above.  Kluates  from  several  paper  chromato- 
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Initial  eoneentration  of  Percent  of  I*’'  on  ehroinatogram  in 
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grains  were  pooled  and  tlie  followiitfi;  experiments  performed: 

Acid  lability — Alitiuots  of  the  U  eluate  were  treated  with  acid,  alkali, 
and  a  range  of  hutfers  to  provide  final  pH  values  extending  from  2.8  to 
eleven.  After  standing  for  lo  to  (10  minutes,  tho.se  solutions  which  were 
under  pH  7  were  made  slightly  alkaline,  and  the  samples  were  all  rechro¬ 
matographed.  A  portion  of  the  untreated  U  eluate  was  always  chromato¬ 
graphed  for  comparison,  since  o-lo%  iodide  was  present  even  without 
any  treatment.  Exposure  of  the  U  eluate  to  mild  acidity  resulted  in  reduc¬ 
tion  or  complete  disappearance  of  the  U  hand.  U  elates  prepared  from 
saline-henzyl  alcohol-E®*  mistures  yielded  the  acid  lability  curve  shown  in 
Figure  4,  indicating  complete  disappearance  of  the  U  hand  helow  pH  five. 
This  curve  is  almost  identical  with  that  reported  for  U-2  in  the  previous 
study  (1).  However,  U  elates  prepared  from  mixtures  of  I'*‘  and  alkaline 
HjO..  usually  showed  somewhat  greater  resistance  to  acid,  especially  if 
carrier  iodide  had  been  added.  In  the  latter  case,  approximately  25%  of 
the  initial  U  .still  remained  after  exposure  to  pH  2.5  for  several  hours  at 
87°  C.  The  reasons  for  this  difference  in  behavior  of  U  eluates  prepared 

EFFECT  OF  pH  ON  U 
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Fio.  4.  Effect  of  pH  on  U  eluate.  See  text 
for  iletails. 
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Tabi.k  4.  Thyroid  I’”  i  ptakks  /«  Viro  and  In  Vitro  with  ki.i  tkd  1 


component 

Source  of  Inter¬ 

val 

(hours) 

Thyroid  I‘*‘  uptake  in  rats 

Route  of  administration  | 

Oral  1. 1*.  I.V.  1 

Iiai 

uptake 
in  thy¬ 
roid 
slices 

1  uf  r 

('hroiiiato^rain  of  saline-  t 

BzOlI-l'*'  6 

:i.'.i+  .:i  (5)t 

2.7+  .2(5)t 

11-13 

Hadioiodidc 

Oak  Hidge  fi 

4.:i±.2(5> 

5.3±  .3  (5) 

46  56 

2  Kluate  of  1'  | 

C’hroinatograin  of  saline- 

BiOII-lui 

8.2-^  .8  (4) 

3. 3 +.4  (4)  . 

21  22 

Kadioiodidc 

Oak  Kidge  Si 

10.4+  .6  (4) 

9.1  +  .8(4) 

66  69 

Kluate  of  1 

('hroinat<jgraiii  <ff  saline- 

BiOll-lui  Xi 

6.7+  .8  ,41 

6.0-^  ti  (4) 

53  58 

..f  u 

(Tiroinatograiii  of  saline- 

tacidifitHl) 

BzOii-i'>' 

65  70 

Kluate  of  1’ 

C'liroiiiatograiii  of  alkalim* 

n/),+i.ii  2:1 

7.0  +  1 . 1  (5) 

1  4.0+  .7(5)t 

Uadioi(Klid«‘ 

I  Oak  Hidge 

j  9.0±1.1  (5) 

4»  Kltiat.-  i.f  V 

'  (’hroiiiatograiii  of  alkaline 

IWs  +  l'*'  -'J 

15.4+  .:i(4) 

9.7+  .2(3) 

Kluate  of  V 

C'liroinatograiii  of  alkaline 

i 

j 

(acidified) 

HjOj+iui  S’ 

21.3  +  2.9(4) 

18.5  +  2.7  (4) 

Kluate  of  1 

'  Chroniatograni  of  Oak 

1 

1 

Hidge  22 

16.5+1 .0  (4) 

1  12.4+  .7(4) 

'  Radioiodide 

1  Oak  Ridge  22 

19.0+1.6  (4) 

;  21.4±1.9(4) 

*  'rhese  rats  were  on  a  low  I 

t  TIk*  nuinlx'rs  in  parentheses  indicate  tlie  niiinbtT  of  rats  in  each  e\p<*riMient. 


Iiy  the  two  methods  are  not  apparent.  However,  since  in  other  tests  the 
U  eluates  prepared  by  tlie  two  methods  proved  indistinguishable,  it  is 
assumed  liere  tliat  tlie  same  unknown  is  produced  by  both  procedures. 

uptakes  in  vivo  and  in  vitro  Table  4  summarizes  uptake  studies  in 
wliich  U  eluates  were  used  as  a  source  of  It  is  evident  from  the  in 
vitro  studies  that  in  the  form  of  U  is  not  nearly  as  readily  taken  up 
liy  tliyroid  tissue  as  is  in  the  form  of  iodide.  The  in  vivo  experiments 
demonstrate  that  thyroid  P*‘  uptakes  were  considerably  higher  after  oral 
administration  than  after  intra peritoneal  or  intravenous  injection  of  U 
eluate,  findings  similar  to  those  observed  after  administration  of  Squilib 
lodotope.  Of  particular  interest  are  the  observations  shown  in  Experiments 
2  and  4  that  previous  acidification  of  the  U  eluate  led  to  P^‘  uptakes  com¬ 
parable  to  those  observed  with  Oak  Hidge  P’’*.  This  confirms  the  view  that 
treatment  of  U  with  acid  converts  all  of  its  P®‘  to  iodide.  The  I  eluates 
referred  to  in  Table  4,  on  rechromatography,  showed  an  appreciable  part 
of  their  P"**  in  a  band  similar  to  U.  In  experiment  4,  for  example,  the  I 
eluate  showed  IS  percent  of  its  total  P®‘  in  this  form  and  an  additional 
2.5  percent  in  other  non-iodide  forms.  Presumably,  conversion  of  I  to  U 
occurs  on  the  paper  chromatogram  through  air  oxidation  during  the  drying 
period.  Tlie  presence  of  extraneous  P®*  in  the  I  eluate  probably  accounts 
for  the  low  P®‘  uptakes  obtained  with  the  preparation. 

Electrophoresis  As  illustrated  in  Figure  .5,  electrophoresis  of  U  eluate 
showed  U  to  lie  an  anion  with  less  than  half  the  mobility  of  iodide.  This 
was  true  both  at  pH  7.0  and  at  pH  S.o.  The  pattern  shown  in  Figure  5 
is  very  similar  to  that  published  previously  (1)  for  U-2,  supporting  the 
view  that  U  of  this  .study  and  U-2  of  the  previous  study  are  identical. 
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U  ELUATE 


0  U  I 

ELECTROPHORESIS  IN  PHOSPHATE  BUFFER  pH  72 

Fig.  5.  Hadioiuitosnii)!!  of  ('lectroidioiTtifirain  of  F  ('luatc  and  Oak  Hidf;(‘  1'^'.  Fdoc- 
trophoresis  was  carried  out  in  a  Spinco-Durruin  cell,  5.5  m.\  for  75  minutes. 

Ejj'ccts  of  heat,  iodide  carrier,  redueing  agents,  and  versene  (Table  o)  — 
\\'heM  U  eluates  in  XaHCOs  solution  were  heated  at  100°  for  one  hour 
and  reehromato^raphed,  most  of  the  I***  appeared  as  iodide  on  the  ehro- 
inatogram.  U  eluate  in  XaHCOs  did  not  exchange  readily  with  carrier 
iodide,  nor  was  it  appreciably  reduced  by  2x10  '‘M  thiosulfate  or  sulfite, 
or  by  O.OIM  cysteine.  However,  in  phosphate  buffer  at  pH  7.0,  the.se 


Source  of  V  eluate 

Treatment  of  V  eluate 

Medium  and  pH 

Percent  of  initial 
r  remaining 

( 'hromatojtrarn  of  mixture  of  alkaline  H2O2  anti 
('hromatogram  of  mixture  of  alkaline  H202antl 

2x10  ‘.\l  XaiSoOs 
2X10  ’.M  XasSoO-i 

1  hr.,  room  temp. 

1  hr.,  room  temp. 

Bicarbonate,  pH  K.6 
Phosphate,  pH  7.0 

il7 

52 

Chromatogram  of  mixture  of  alkaline  H2O2  ami 
Chromatoj?ram  of  mi.xtureof  alkaline  HjOsaml  l*3i 

2X10  3M  XaiSOa 
2X10  ».M  Na,.sO; 

1  hr.,  room  temp. 

1  hr.,  room  temp. 

Bicarbonate,  pH  S.O 
Phosphate,  pH  7.0 

Oil 

50 

<  'hromatoi^nim  of  mixture  of  alkaline  H3()2  ami 
ChromatoRram  of  mixture  of  alkaline  and 

.01 M  cysteine 
.OlM  cysteine 

1  hr.,  room  temp. 

I  hr.,  rmim  temp. 

Bicarbonate,  pH  S.6 
Phosphate,  pH  7.0 

07 

52 

('hromatoKram  of  mixture  of  alkaline  HaOjand 
('hromatoKram  of  mixture  of  alkaline  HjOjand  l*^* 

10  ’.M  iodide 

10  'M  iialidc 

6  hr.,  ^7  degrees 

0  hr.,  37  degrees 

Bicarlmnate,  pH  8.h 
Phosphate,  pll  7.0 

!« 

:iii 

('hromatogram  of  mixture  of  alkaline  HjOj  and 

10  -’.M  KDTA* 

2  hr.,  room  temp. 

Bicarbonate,  pH  H.6 

100 

( ’hroniatograiii  of  mixture  of  alkaline  HjO;  and  I'” 

10  -M  Tapazole 

2  hr.,  room  temp. 

Bicarbonate,  pH  8. 6 

!W 

('hromatoKram  of  mixture  of  alkaline  If  jO^and 

Heated  to  100“ 

75  min. 

Bicarbonate,  pH  8.fi 

:io 

Chromatogram  of  mixture  of  saline-BzOH-l*^^ 

10  iodide 

1  hr.,  room  temp. 

BicarUniate,  pH  8.0 

100 

('hromatt>gram  of  mixture  of  saline-BzOH«P^i 

10  ■•‘M  iodide 

I  hr.,  r(M)ni  temp. 

Bicarbonate,  pH  8.0 

SO 

('hnmiatogram  of  mixture  of  8alinc-Bz()H-B^> 

10  ’M  KDTA 

1  hr.,  pMun  temp. 

Bicarbonate,  pH  8.0 

00 

('hromatoKram  of  mixture  of  saline-BzOH-T'-’* 

10  2.\1  KUTA 

1  hr.,  rmmi  temp. 

Bicarbonate,  pH  8. 0 

o:i 

*  Ethylenedianiine  tetraaoetic  acid,  Xa  salt. 
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reagents  did  affect  U  eluate  as  indicated  in  Table  5.  Versene  (ethylene- 
diamine  tetra-acetic  acid,  Xa  salt),  even  at  a  concentration  of  0.01  M, 
produced  no  change  in  U  in  XaHCOs  .solution. 

DISCUSSION 

In  19.50,  Doctor  and  Trunnell  (2)  reported  that  solutions  of  X"a  P®', 
obtained  from  either  Abbott  Kadio-Pharmaceuticals  or  from  K.  R.  Squibb 
it  Sons,  developed  .'several  extraneous  P’’*  bands  upon  storage  in  the  laliora- 
tory  at  room  temperature.  This  conclusion  was  based  on  chromatography 
of  three  separate  batches  of  X'a  P^‘  which  were  one,  four,  and  seven  weeks 
old.  The  older  samples  contained  the  most  extraneous  P'”,  although  change 
with  time  in  any  particular  shipment  was  not  report etl,  and  the  evidence 
was  not  conclusive  that  the  differences  ob.served  were  actually  due  to  the 
length  of  storage  in  the  lalioratory.  However,  there  was  little  question  from 
these  results  that  extraneous  bands  can  appear  on  chromatograms  of  radio¬ 
iodide,  and  these  can  in  fact  comprise  the  greatest  part  of  the  total  P®'. 

Pitt-Rivers  and  Wolff  (.5),  in  a  brief  comment  on  the  paper  of  Doctor 
and  Trunnell,  suggested  that  the  re.sults  obtained  by  the  latter  workers 
could  be  attributed  to  the  fact  that  the  radioiodide  used  in  all  their  experi¬ 
ments  was  carrier-free.  They  stated  that  addition  of  a  small  amount  of 
carrier  iodide  to  radioiodide  .solutions,  either  fresh  or  old,  before  chromato¬ 
graphy,  resultj^  in  the  elimination  of  extraneous  bands,  and  they  concluded 
that  the  results  obtained  by  Doctor  and  Trunnell  were  chromatographic 
artifacts. 

The  findings  reported  in  the  pre.sent  investigation  support  the  con- 
clu.sion  of  Doctor  and  Trunnell  that  commercial  radioiodide  solutions  may 
contain  major  P*^  contaminants.  The  unidentified  contaminant  observed 
here  in  Siiiiiiib  lodotope,  oral  .solution,  was  not  eliminated  by  addition  of 
iodide  carrier  or  by  addition  of  Tapazole.  Ample  evidence  is  presented  to 
indicate  that  it  is  both  chemically  and  biologically  different  from  iodide, 
and  that  it  does  not  ari.se  .simply  as  a  chromatographic  artifact. 

The  P®'  contaminant  did  not  appear  in  .several  different  Oak  Ridge  P*' 
preparations,  presumably  because  the  concentration  of  reducing  agent 
(sulfite)  in  this  preparation  is  high  enough  to  prevent  oxidation  of  iodide. 
It  may  be  postulated  that  the  appearance  of  the  contaminant  in  the 
Sipiibb  preparation  was  due  to  dilution  of  the  reducing  agent,  since  the 
preparation  of  Sipiibb  lodotope  entails  dilution  of  an  initial  Oak  Ridge  or 
Canadian  Atomic  Dnergy  radioiodide  sample.  Indeed,  more  recently, 
Siiuibb  lodotope  is  commercially  prepared  with  the  addition  of  cysteine 
as  reducing  agent,  and  the  product  no  longer  shows  the  pre.sence  of  the  U 
contaminant.  It  also  yields  P®‘  uptakes  both  iti  vivo  and  in  vitro  comparable 
to  those  obtained  with  Oak  Ridge  P®‘.  Similar  results  were  obtained  with 
one  sample  of  Abbott  Oriodide,  oral  solution  (obtained  from  Abbott 
Radio-Pharmaceuticals),  which  also  contained  added  cy.steine. 


./«///,  /.%'/ 


rXlDENTIFlKl)  I‘’‘  ('OXTAMIXANT 


137 


There  is  little  doubt  that  the  U  described  in  this  communication  is 
identical  with,  or  very  closely  related  to,  the  U-2  described  previously  (1). 
Although  it  was  postulated  previously  that  U-2  was  not  an  inorganic  form 
of  iodine,  this  view  must  be  revised  on  the  basis  of  the  present  data.  The 
original  proposal  was  made  primarily  because  no  known  form  of  inorganic 
iodine  could  explain  the  properties  observed  for  U-2.  However,  since  an 
I''’'  component  which  appears  to  be  identical  with  U-2  and  also  with  the 
unknown  component  in  Scpiibb  lodotope  can  be  formed  l)y  treatment  of 
radioiodide  with  alkaline  11/),  in  the  absence  of  any  organic  material,  it 
must  be  concluded  that  the  unknown  is  some  oxidation  form  of  inorganic 
iodine. 

The  electrophoresis  results  indicate  that  U  cannot  be  a  cationic  form  of 
iodine,  such  as  1+.  Moreover,  the  behavior  of  labeled  U  on  electrophoresis 
and  chromatography  did  not  correspond  to  results  obtained  with  known 
I'^’-labeled  preparations  of  elemental  iodine  (1„),  triiodide  (U”),  iodate 
(I()3~),  or  hypoiodite  (I()~).  The  possibility  was  considered  that  V  might 
be  a  polyoxyanion  of  iodine  (not,  however,  lOs”  or  I()“)  which,  on  acidifica¬ 
tion,  reacted  with  iodide  to  form  I,.  In  this  connection,  it  should  be  pointed 
out  that  neither  the  chromatographic  nor  the  electrophoretic  procedure 
used  here  successfully  separated  iodide-U®‘  from  However,  since  the 
of  the  U  eluate  could  not,  after  acidification,  be  extracted  with  chloro¬ 
form,  it  was  not  considered  likely  that  had  been  formed.  Further 
experiments  are  necessary  to  establish  the  exact  nature  of  U. 

Doctor  (8)  reported  biological  results  with  the  major  U*'  contaminant 
which  he  encountered  in  commercial  radioiodide  preparations.  This  com¬ 
ponent,  whicli  he  referred  to  as  the  “extraneous  band,”  is  very  likely 
identical  with  the  U  of  the  present  investigation.  Injection  of  eluates  of 
the  extraneous  band  led  to  thyroidal  I'*'  uptakes  in  chicks  oidy  about  one- 
third  as  great  as  those  observed  following  injection  of  chromatographically 
pure  iodide  The  results  reported  here  with  intact  rat  thyroids  and  with 
hog  and  cow  thyroid  slices  are  in  agreement  with  the  findings  of  Doctor. 

On  the  basis  of  the  results  obtained  here,  it  would  be  expected  that  the 
oral  use  of  radioiodide  preparations  containing  appreciable  percentages  of 
U  would  lead  to  reduced  thyroid  uptakes  in  patients  with  achlorhydria, 
and  perhaps  even  in  those  with  markedly  reduced  stomach  acidity  for  any 
reason,  as,  for  example,  after  partial  gastrectomy.  The  absence  of  food 
from  the  stomach  did  not  reduce  thyroid  uptakes  in  rats  after  oral 
administration  of  Squibb  lodotope  containing  a  high  percentage  of  U, 
even  though  under  these  conditions  the  time  of  retention  in  the  stomach 
was  very  likely  reduced.  Probablj’  conversion  of  U  to  was  rapid  enough 
at  the  pH  and  temperature  inside  the  normal  stomach  so  that  time  of  ex¬ 
posure  to  stomach  acid  was  not  an  important  factor. 

After  completion  of  the  present  manuscript,  a  paper  by  De(!root  and 
Herger  (6)  appeared  in  which  they  also  concluded  that  U-2  of  Taurog 
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(i  al.  is  an  inorganic  oxidation  product  of  iodide.  Tlieir  findings  witli  regard 
to  tlie  formation  and  chemical  cliaract eristics  of  U-2  are  very  miicli  in 
accord  with  tliose  reported  here. 

Addendum 

While  the  present  manuscript  was  in  press,  Aim  and  Hosenherg  (7)  de¬ 
scribed  an  unknown  I'‘”  component,  “S,”  encountered  in  commercial 
radioiodide  preparations.  Their  unknown  “S”  is  identical  in  almost  all  re¬ 
spects  to  the  V  described  here. 
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Tin-:  INTERSTITIAL  (t:ll  stimulating  activity  of 

OVINE,  EQUINE  AND  HUMAN  LUTEINIZING 
HORMONE  PREPARATIONS  IN  THE  HYPO- 
PHYSECTOMIZED  MALE  RHESUS  MONKEY* 

E.  KN()BIL2  AND  J.  B.  JOSIMOVICIP 

l>( pnrtnicnt  of  {‘hi/ftiologp,  Harvard  Medical  Srhnnl,  HoMon,  .]faft.<iarlni.‘telti< 
ABSTRA(-T 

I^iitciiiiziiiK  hormone  prepanitions  of  non-primate  (sheej)  and  horse)  as  wi'll 
as  of  primate  oriffin  (luiman  pituitary  and  placental)  were  found  to  stimulate 
the  interstitial  cells  of  la'vdig  in  hypophysectomizt'd  male  rhesus  monk('ys.  Al¬ 
though  quantitative  differences  in  the  efficacy  of  tlui  various  LH  prei)arations 
\v(‘re  noted,  it  is  concluded  that  an  absolute  “sjjccies  specificity”  as  descrilx'd 
for  the  actionof  growth  hormone  in  primates  is  not  attributable  to  theinterstitial 
cell  stimulating  activity  of  luteinizing  hormone. 

ArTl*:MPTS  to  produce  ovulation  in  suitably  prepared  liypopliysecto- 
mized  monkeys  by  the  administration  of  non-primate  luteinizing; 
hormone  (LH)  preparations  have  been  unsuccessful  to  date  (1).  Since  the 
experimental  induction  of  ovulation  in  such  animals  was  achieved  with 
human  chorionic  fronadotropin  (HCG),  albeit  with  .some  difficulty,  the 
(juestion  aro.se  whether  the  apparent  inefficacy  of  the  non-primate  prepa¬ 
rations  was  due  to  “species  .specificity”  as  demonstrated  for  growth  hor¬ 
mone  (2)  or  whether  it  was  attributable  to  inade(iuacies  in  the  mode  of 
their  administration. 

In  intact,  immature  and  adult,  female  rhesus  monkeys  Simp.son  and 
van  \\'aKenen  (d)  found  that  while  ovulation  occasionally  followed  injec¬ 
tion  of  sheep  pituitary  preparations,  it  was  produced  with  remarkable 
regularity  by  the  administration  of  monkey  pituitary  extracts.  The  role 
of  endogenous  gonadotropin  secretion  in  the  intact  animals  responding  to 
sheep  hormone  could  not  be  assessed,  however,  in  these  elegant  expei’i- 
ments. 

Because  the  use  of  ovulation  in  the  hypophysectomized  monkey  as  an 
index  of  LH  activity  presents  considerable  experimental  difficulties,  it  was 
felt  that  the  response  of  the  hypophy.sectomized  male  to  various  LH  prep¬ 
arations  would  provide  a  .simpler  system  for  the  investigation  of  the  prob- 
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lem  since  manifestations  of  “species  specificity”  would  lead  to  conclusions 
applicable  to  both  sexes. 

While  a  few  reports  dealing  with  the  action  of  LH  preparations  in  the 
intact  male  rhesus  monkey  have  appeared  (4,  5,  0),  definitive  information 
regarding  the  effectiveness  of  such  preparations  in  the  hypophysectomized 
male  rhesus  monkey  is  not  available. 

The  following  study  was  undertaken  to  determine  whether  LII  prepa¬ 
rations  of  sub-primate  origin  possess  interstitial  cell  stimulating  activity 
when  administered  to  hypophysectomized  male  monkeys  using  alterations 
in  the  appearance  of  the  secretory  epithelium  of  the  seminal  vesicle  as  the 
principal  criterion  of  androgen  production  (7). 

MATERI.VLS  AXI)  METHODS 

Xiiu'  hypdphysectoniized  and  two  normal  mature  male  rhesus  monkeys  were  studied. 
Tlie  animals  were  liypophyseetomized  by  the  ])arapharynKeal  route  while  still  se.xually 
immature,  months  to  4  years  i)rior  to  the  experiments.  Completeness  of  hypophysee- 
tomy  was  evidene<‘d  by  ineri'ased  insulin  sensitivity,  et'ssation  of  growth  and  .sexual 
development  and  by  decreased  thyroid  function,  dross  euthyroidism  was  induced,  when 
necessary,  with  desiccated  thyroid  (2).  Control  wedge  biopsies  of  the  testes  and  of  the 
scuninal  vc'sieles  were  obtained  at  laparotomy  under  pentobarbital  anesthesia.  .\  portion 
of  the  testicular  biopsy  specimen  was  fixed  in  10%  formalin,  embedded  in  25%  gelatin, 
sectioned  at  10  /n  on  a  freezing  microtome  and  stained  with  Sudan  black  H.  The  remainder 
was  fixed  in  Bonin’s  solution.  embedd(*d  in  paraffin,  s(‘etioned  at  5/i  and  .stain»*d  with 
hematoxylin  and  eosin.  Sections  of  formalin-fixed  seminal  vesicle  wen*  similarly  prepared 
for  hematoxlyin  and  eosin  staining. 

Hormone  administration  was  begun  one  to  three  weeks  following  the  control  biop.sy. 
•Ml  preparations  were  administered  subcutaneously  in  1  ml.  of  10-12%  gelatin.  The  in¬ 
jections  were  continued  for  14  days  and  a  biopsy  of  the  contralateral  testis  and  seminal 
vesicle  was  pc'rformed  on  the  ilay  following  the  last  injection  and  the  tissues  i)repared  as 
before.  Details  of  the  animals,  hormone  prei)arations  and  do.sagesused  are  givcninTable  1 . 


Tabi.k  1 


Monkey 

Wut. 

(ke.) 

Months 

after 

hypophy- 

sectomy 

Preparation  used 

Dose^ 

ifjfi 

6.4 

.6 

Human  pituitary  Ronadotropin  concentrate^ 

5.0  mjt.  twice  daily 

U’4 

a.  it 

28 

Human  pituitary  gonadotropin  concentratej' 

0.5  mg.  twice  daily 

ai 

4.1 

4.’> 

Human  pituitary  gonadotropin  concentrate" 

0.05  mg.  twice  daily 

17l> 

4.1 

a 

Kquine  IJK 

5.0  mg.  twice  daily 

IS.'S 

.'..0 

7 

Ovine  UC 

2.0  mg.  twice  daily 

167 

.6.7 

8 

Ovine  i.ir 

0.5  mg.  twice  daily 

ISJ** 

;t.!i 

4 

Ovine  LII'* 

.6.(1  iiiR.  twice  daily 

4  1 

0 

Kquine  LH® 

5.0  mg.  twice  daily 

l.ll*-' 

:m 

16 

Ovine,  LII" 

4  .(1  MIC.  once  dailv 

a.  2 

IS 

IK'C' 

250  i.i*.  twice  daily 

8'.l 

4.(1 

4(1 

IKXi' 

5tM)  i.r.  daily  (7  days) 

500  i.y.  tw  ice  daily  (7  days) 

*  All  treatment  piven  for  14  days.  Doses  of  pituitary  LH  are  piven  as  me.  equivalent  of  Armour  Standard  No.  227-8<l 
with*the  exception  of  the  human  material. 

’’jMerck  No.  .*>81,  037-0-3. 

**  .\rmour  Veterinary  horse  LH — No.  R377270. 

NIH  -  LH--8  -i: 

®  .\rmour  Standard  No.  227-8f>. 

*  Human  Chorionic  (ionadotropin— Parke,  Davis  No. 

*  Two  exp^Timents  p<‘rformed  in  this  animal  at  an  interval  of  2  months. 
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RESULTS  AND  DISCUSSION 

The  appearance  of  the  testis  and  seminal  vesicle  of  a  normal,  sexually 
mature  rhesus  monkey  is  presented  in  Figure  1  for  purposes  of  comparison 
with  those  removed  from  hypophysectomized  animals  prior  to  and  follow¬ 
ing  gonadotropin  treatment.  The  interstitial  cells  of  Leydig  are  clearly 
evident  and  contain  small  amounts  of  sudanophilic  material  (Figs.  lA  and 
B).  Intratubular  sudanophilia  is  pronounced  (Fig.  IB).  The  seminal  vesicle 
(Fig.  1C)  is  composed  of  highly  branched  tubular  elements  lined  with  tall 
columnar  epithelial  cells  possessing  basal  nuclei  and  relatively  large  (pian- 
tities  of  cytoplasm. 

Human  chorionic  gonadoplropin  {HVG).  Our  initial  experiments  were 
designed  to  determine,  in  a  (pialitative  sense,  the  conditions  under  which 
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tlie  effects  of  interstitial  cell  stimulating  preparations  could  be  unequivo¬ 
cally  detected  in  the  hypophysectomized  male  monkey.  To  this  end  two 
hypophysectomized  animals  were  treated  with  HCCl  (Monkeys  89  and 
151 ;  see  Table  1)  The  results  illustrated  in  Figure  2  prompted  us  to  adopt 
the  treatment  regimen  outlined  in  the  Methods  section.  Eighteen  months 
after  hypophysectomy,  the  control  biopsies  of  the  testis  (Fig.  2A)  of  an 
animal  (Monkey  151)  with  a  chronological  age  of  approximately  4  years 
reveal  the  histological  appearance  previously  described  in  sexually  im¬ 
mature  animals  (8).  The  interstitial  cells  are  difficult  to  identify  with 
certainty  and  spermatogenesis  is  absent.  The  tubular  diameter  is  consider¬ 
ably  smaller  than  that  in  normal  controls.  Sudanophilic  droplets  are  absent 
in  the  tubules  and  the  interstitial  cells  (Fig.  2C).  The  epithelium  of  the 
seminal  vesicle  of  the  same  animal  subjected  to  biopsy  at  the  same  time 
presents  the  typical  castrate  appearance  characterized  principally  by  the 
paucity  of  cytoplasm.  (Fig.  2B) 

Treatment  of  this  animal  with  HCCl  for  14  days  resulted  in  the  appear¬ 
ance  of  distinguishable  interstitial  cells  in  the  testis  (Fig.  21))  and  of 
sudanophilic  droplets  in  the  intertubular  spaces  (Fig.  2F).  No  discrete 
sudanophilia  was  evident  within  the  tubules.  While  the  localization  of  these 
droplets  in  the  treated  hypophysectomized  monkeys  is  difficult  to  ascer¬ 
tain,  they  appear  to  represent  sudanophilic  material  within  the  interstitial 
cells  of  Leydig.  This  conclusion  is  supported  by  the  finding  that  in  the  fetal 
testis  (12Sth  da}'  of  gestation)  where  the  interstitial  cells  are  numerous  and 
clearly  delineated,  intracellular  sudanophilic  droplets  are  readily  demon¬ 
strable  (Fig.  8).  It  is  of  interest  in  this  connection  that  the  fetal  testis 
closely  resembles  that  of  the  hypophysectomized  monkey  treated  with 
IKXi  in  that  the  fetal  monkey  has  minimal  endogenous  gonadotropin 
secretion,  yet  is  subjected  to  the  influence  of  placental  and  or  maternal 
pituitary  hormones  which  stimulate  the  interstitial  cells,  but  not  the 
spermatogenic  elements  of  the  tubules. 

The  glandular  epithelium  of  the  seminal  vesicle  in  the  HC(I  treated 
hypophysectomized  animals  was  clearly  stimulated  (Fig.  2E)  as  evidenced 
by  an  accretion  in  cell  height  and  the  appearance  of  the  cytoplasmic 
characteristics  associated  with  the  action  of  androgens  (7).  These  effects 
were  grossly  exaggerated  in  the  animal  (Monkey  89)  treated  with  the 
higher  doses  of  HCd. 

Tliese  histological  evidences  of  gonadotropin  and  consequent  androgenic 
activity  were  accompanied  by  a  striking  scrotal  edema  which  became 
evident  during  the  first  week  of  treatment,  a  partial  descent  of  the  testes 
and  pigmentation  of  the  perineum.  In  these  and  subsequent  experiments 
frecpient  erections  were  noted  during  hormone  treatment,  a  phenomenon 
never  observed  prior  to  therapy. 

Human  Pituitarij  Gonadotropin.  The  effects  of  a  relatively  crude  human 


Fig.  2.  'IVstieiihir  and  soininal  vesicle  hinpsies  from  a  hypoidiysectomized  monkey 
(Xo.  151)  before  (.V-(')  and  after  (D-F)  treatment  witli  H(’(}  (250  i.u.  X2/day  for  14 
days).  \  and  I):  Testis  11  &  H.  H  and  E:  Seminal  vesicle,  H  &  F’.  ('  and  F;  Testis,  Sudan 
black  B.  Compare  with  Fdg.  1. 


pituitary  gonadotropin  concentrate  in  tliree  liypophysectomized  animals 
are  illustrated  in  Figures  4,  5  and  6,  The  lowest  dose  of  this  preparation 
(0.1  mg.  daily  in  two  divided  doses  for  14  days;  Fig.  0)  effected  testicular 
stimulation  in  terms  of  the  criteria  utilized  in  this  study.  The  action  of  the 
liuman  pituitary  material  on  the  interstitial  cells  did  not  differ  (lualita- 
tively  from  that  of  the  human  placental  hormone. 

Ovine  Pituitary  Luteinizing  Hormone.  Two  ovine  LH  preparations  were 
studied:  the  Armour  Standard  Xo.  227-SO  and  the  material  distributed  by 
the  Endocrinology  Study  Section  of  the  National  Institutes  of  Health 
(XIlI-LlI-S-1).  In  one  animal  (Monkey  151)  the  Armour  preparation  was 
inactive  when  administered  as  a  single  daily  dose  of  4  mg.  for  14  daj’s. 
^^’hen  given  in  two  divided  daih’  do.ses  of  0.5  mg.  each  for  the  same  length 
of  time,  however,  testicular  stimulation  was  ob.served  (Fig.  7).  Unequivo¬ 
cal  responses  to  the  NIII  material  were  also  observed  at  doses  of  2  and  5 
mg.  given  twice  daily  (Fig.  8). 

Equine  pituitary  luteninizing  hormone.  This  relatively  crude  preparation 
administered  in  two  daily  doses  of  5  mg.  each  for  14  days  effectetl  an 
increase  in  androgen  production  as  evidenced  by  the  hypertrophy  of  the 
seminal  ve.sicle  epithelium  although  the  intertubular  sudanophilia  in  the 
stimulated  testis  did  not  differ,  in  a  .significant  fashion,  from  control  (Fig. 
9).  In  one  animal  (Monkey  182)  in  which  the  equine  preparation  was  given 
2  months  following  a  course  of  ovine  LII  administration,  no  response  to 
the  equine  hormone  was  observed.  It  may  be  that  this  failure  to  respond  to 
a  dose  of  equine  LII  found  effective  in  another  monkey  is  attributable  to 
the  formation  of  antibodies  against  the  ovine  preparation  which  cross 


Fig.  .3.  Fetal  Testis  (12Sth  day  of  fj<‘station)  .V.  H  &  E.;  B.  Sudan  hlaek  B.  Note 
loealization  of  sudanophilie  droplets  in  interstitial  eells  and  K‘“'><‘ral  reseinhlanei'  to 
hypophyseetoinized  animals  treated  with  H(’(l  or  EH. 
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Fig.  7.  Response  of  the  testis  and  seminal  vesiele  of  a  hypoiiliyseetomized  monkey 
(Xo.  167)  to  treatment  with  ovine  LH  (0..5  mg.  X2/day  for  14  days).  See  Fig.  2  for 
legend. 
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Fig.  9.  Response  of  the  testis  and  seminal  vesicle  of  a  hypophyseetomized  monkey 
(No.  172)  to  an  equine  LH  preparation  (5  mg. X2/day  for  14  days).  See  Fig.  2  for 
legend. 


July,  1961  PRIMATE  AND  NOX-PRIMATH  EH  IN  MONKEYS 


I.')! 


reacted  witli  the  ecjuine  hormone  or  to  tlie  fact  that  the  dose  utilized  was 
near  the  minimal  effective  dose. 

The  foregoing  experiments  lead  to  the  conclusion  that  lutenizing  hor¬ 
mone  preparations  of  sub-primate  origin  can  be  physiologically  effective  in 
the  hypophysectomized  rhesus  monkey.  While  the  data  suggest  ciuantita- 
tive  differences  in  the  efficacy  of  primate  and  sub-primate  preparations  in 
the  monkey,  no  definitive  conclusions  can  be  reached  in  this  regard  because 
of  the  small  number  of  observations  involved,  but  the  fact  remains  that  an 
absolute  “species  specificity”  similar  to  that  described  for  the  action  of 
growth  hormone  cannot  be  attributed  to  the  luteinizing  (interstitial  cell 
stimulating)  hormone. 
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THE  METABOLISM  OF  ADRENOCORTICAL 
STEROIDS  BY  HUMAN  TISSUES' 
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Chemistry,  Harvard  Medical  School,  Boston,  Massachusetts 

ABSTRACT 

Adrenocortical  steroids  were  incubated  with  preparations  of  human  liver 
and  term  placenta  and  the  metabolic  products  were  isolated  and  characterized. 
Human  liver  homogenates  interconverted  cortisol  and  cortisone  and  reduced 
the  latter  substance  to  5j3-dihydrocortisone,  tetrahydrocortisone  and  20-di- 
hydrocortisone.  Tetrahydrocortisone  was  oxidized  to  5/3-dihydrocortisone 
and  reduced  to  cortolone.  A^-Reductase  (5/3)  activity  of  human  liver  was 
found  only  in  the  soluble  fraction  while  3a-ol  dehydrogenase  activit3’  against 
tetrahj'drr'cortisone  and  ll/3-ol  deh\Hlrogenase  activity  against  cortisol  were* 
found  c  jentrated  in  microsomal  fractions.  Placenta  slices  oxidized  cortisol 
to  cortisoncj  tetrahj’drocortisone  to  5/3-dih3*drocortisone,  reduced  tetrahvdro- 
cortisone  to  cortolone  and,  as  in  the  case  of  liver,  3a-ol  and  1  l/3-ol  deh3’drogen- 
ases  were  associated  with  the  microsomes.  Further  stud3'  of  the  microsomal 
deh3(lrogenase  activities  showed  them  to  be  reversible  and  to  utilize  pvridine 
nucleotides  as  cofactors.  I)i-  and  triphosphopyridine  nucleotides  were  equally 
effective  in  stimulating  these  activities  of  placental  microsomes  while  with 
liver  microsomes  their  relative  effectiveness  varied  with  the  substrate  studic'd. 

In  addition  to  cortisol  and  tetrahvdrocortisone,  a  variet3’  of  other  3a,  3/3-,  and 
1  l/3-h3’drox3’steroids  were  oxidized  to  the  corresponding  ketones  b3'  micro¬ 
somes  from  both  liver  and  placenta.  These  findings  on  the  metabolic  properties 
and  biocbemical  characteristics  of  human  tissues  have  been  compared  with 
the  results  obtained  in  studies  of  other  species. 

The  main  pathways  of  metabolism  of  the  adrenocortical  steroids  in  the 
intact  human  involve  one  or  more  of  the  following  chemical  reactions: 
1)  .saturation  of  the  4-ene  structure,  2)  rev’ersible  reduction  of  the  8-ketone, 
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.3)  intercoiiversioii  of  ll/3-hy(lroxyl  and  11-ketone  functions,  4)  reduction  of 
tlie  20-ketone,  o)  oxidative  removal  of  the  side  chain,  and  0)  conjugation  of 
hydroxyl  functions  with  glucuronic  acid  (1).  Although  all  of  these  conver¬ 
sions  have  been  demonstrated  and  examined  in  in  vitro  experiments,  tissues 
from  lower  animals  have  almost  invariably  been  used  (1).  Because  of 
possible  species  differences,  information  on  the  properties  of  human  tissues 
was  considered  necessary  before  any  correlation  of  in  vivo  and  in  vitro 
findings  could  be  attempted.  In  this  study,  human  liver  and  placenta  were 
examined  for  their  capacity  to  metabolize  the  corticosteroids.  The  bio¬ 
chemical  characteristics  of  these  tissues  were  compared  with  previous 
findings  using  tissues  from  other  mammalian  species. 

MATERIALS  AND  METHODS 

Steroids.  Steroids  used  as  substrates  were  generously  provided  by  the  Merck,  rpjolin, 
('iba,  Syntex,  and  Sobering  Companies  and  were  ehromatographically  pure. 

Solrents.  Analytical  quality  or  redistilh'd  solvents  were  used  throughout  for  extractions 
and  chromatography. 

Cofactors.  DPX^  and  TPX  were  commercial  preparations.  DPXH  and  TPXH  were 
prejjared  by  chemical  reduction  of  the  oxidized  nucleotides  by  the  method  of  Kaplan  et  at. 
(2).  Alternatively  TPXH  was  generated  during  incubations  by  the  addition  of  0.2|xmole 
TPX,  9  pmoles  glucose-6-i)hosphate  and  0.75  mg.  glucose-6-i)hosphate  dehydrogenase 
(Sigma  C'hemieal  Co.,  Practical  type  11)  per  milliliter  of  incubation  mixture. 

Tissues.  Human  liver  was  fresh,  normal  material  obtained  at  jmrtial  hepatectomy 
through  the  courtesy  of  Drs.  (1.  .\.  Donaldson  and  G.  S.  Richardson  of  the  Surgical 
Service,  Massachusetts  General  Hospital.  Human  term  placenta  was  obtained  through 
the  courtesy  of  Dr.  C.  .\.  Villee  and  his  staff  at  the  Boston  Lying-In  Hosi)itaL 

Tissue  Preparations  and  Incubations.  Tissues  were  rapidly  cooled  in  ice  and  all  subse- 
(pient  operations,  jjrior  to  incubation,  w(“re  carried  out  at  0-4°  C.  Placenta  slices  were  cut 
on  a  Stadie-Riggs  microtome,  suspended  in  Krebs’  phosphate  saline,  pH  7.4  (3),  blotted 
and  250- .500  mg.  suspended  in  2-3  ml.  of  fresh  medium  and  incubated  with  300-.500  pg 
of  steroid  substrate  for  3  hours.  Minced  liver  was  homogenized  in  3  volumes  of  0.05  M 
sodium  phosphate,  pH  7.4,  0.04  .M  nicotinamide  (homogenate  I)  or  0.05  M  glycine,  pH 
0.0,  0.04  M  nicotinamide  (homogenate  II)  and  the  resulting  suspensions  clean'd  of  debris 
and  larger  jjarticles  by  centrifugation  at  9,000  g.  for  10  minutes.  Homogenate  I  in  2  ml- 
l)ortions  supidemented  with  1 .7  mg.  of  TPXH  was  incubated  with  2.50  jUg  of  .steroid  sub- 


*  DPX,  TPX,  DPXH  anil  TPXH  are  oxidized  and  reduced  di-  and  triphosphopyridine 
nucleotides  respective!}-.  EDTA  is  ethylenediamine  tetraacetic  acid.  The  following 
trivial  names  for  steroids  are  employed:  cortisol,  1 1/3,17, 21-trihydroxy-4-pregnene-3, 20- 
dione;  cortisone,  17,21-dihydroxy-4-pregnene-3,l  1,20-trione;  5/3-dihydrocortisone; 
17,21-dih5'droxy-.5/3-pregnane-3,l  1,20-trione;  20-dihydrocortisone,  1 7,20^,21-trihydroxy- 
4-pregnene-3,l  1-dione;  tetrahydrocortisone,  3a,17,21-trihydro.xy-.5/3-pregnane-l  1,20- 
dione;  tetrahydrocortisol,  3a, 1 1/3,17, 21-tetrahydroxy-5/3-pregnane-20-one;  cortolone, 
3a,  1 7,20^,21  -tetrah}droxy-.5/3-pregnane-l  1  -one ;  a-cortolone,  3a,  1 7,20a, 21  -tetrahydroxy- 
.5/3-pregnane-l  1-one;  |8-cortolone,  .3a,17,20/3,21-tetrahydroxy-5/3-pregnane-l  1-one;  an- 
drosterone,  3a-hydroxy-.5a-andro.stane-l 7-one;  etiocholanolone,  3a-hydroxy-5/3-andro- 
stane-17-one;  dehydroepiandrosterone,  .3/8-hydroxy-.5-androstene-l 7-one;  1 7-hvdroxy- 
pregnenolone,  .3/3, 1 7-dihydroxy-5-pregnene-20-one. 
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strate  for  90  minutes.  Similar  volumes  of  homogenate  II  supi)lemente(I  with  2  mg.  of 
DPN  were  incubated  with  250  //g  of  steroid  substrate  for  90  minutes.  All  incubations 
were  carried  out  at  37“  C  in  an  air  atmosphere  with  shaking.  Steroid  substrates  were 
added  as  propylene  glycol  solutions  containing  5  mg./ml. 

Extraction  of  Incubation  Mixtures 

Tissue  Slices:  Incubation  mixtures  were  diluted  with  10  ml.  of  acetone,  filtered  and 
the  denatured  slices  ground  with  sand  in  a  mortar.  The  pulverized  tissue  was  repeatedly 
extracted  with  hot  acetone  and  the  extracts  washed  through  the  filter  until  approximately 
50  ml.  were  collected.  The  extract  was  evaporated  to  dryness  in  vacuo.  The  residue  was 
suspended  in  0  ml.  of  water  and  extracted  with  four  6  nd.  portions  of  ethyl  acetate.  4'he 
combined  ethyl  acetate  extracts  were  washed  once  with  2  ml.  of  water  and  evaporated. 
The  residue  was  dissolved  in  5  ml.  of  aqueous  90%  methanol  and  extracted  with  four  5 
ml.  portions  of  hexane.  The  remaining  methanol  fraction  contained  the  partially  purified 
steroid  extract. 

Homogenate  and  Cell  Fraction  Incubations:  Incubation  mixtures  were  extractc'd  twice 
with  ten  volumes  of  methylene  chloride.  The  combined  extracts  were  washed  once  with 
one-tenth  volume  of  water  and  evaporated.  The  residue  was  i)artitioned  b(‘tween  5  ml. 
of  acpieous  90%  methanol  and  15  ml.  of  hexane.  The  methanol  layt'r  contained  the  i)ar- 
tially  jjurified  steroid  extract. 

Fractionation  of  Partially  Purified  Steroid  Extracts.  Crude  steroid  extracts  were  frac¬ 
tionated  by  chromatography  on  Whatman  No.  2  paper  at  37“  C'  using  the  technitpies  of 
Hush  (4).  The  following  systems  were  used;  System  I:  Toluene  9,  ethyl  acetate'  1,  meth¬ 
anol  0,  water  4;  System  1 1 :  Toluene  3.3,  ligroin  0.7,  methanol  7,  watc'r  3. 

Characterizatiori  of  Steroids.  Steroid  incubation  products  were  characterized  by  their 
<*hromatographic  mobilities  and  chemical  reactivities  on  i)aper  and  compared  with 
standard  compounds  chromatographed  on  the  same  paper.  Compounds  containing  the 
A^-3-keto  structure  were  detected  by  their  absorption  of  ultraviolet  light.  Steroids  having 
an  a-ketol  side  chain  were  detected  by  their  reduction  of  Blue  Tetrazolium.  The  Zim- 
mermann  reagent  (alkaline  m-dinitrobenzene)  (5)  was  used  to  detect  ketosteroids.  Periodic 
acid  oxidation  followed  by  the  Zimmerman  reaction  was  employed  for  the  detection  of 
17,20-glycols  (0).  Chromatographically  purified  C21  steroids  were  further  characterized 
by  elution  and  oxidation  to  C19  steroids  with  either  sodium  bismuthate  (7)  or  periodic 
acid  (8).  The  resulting  oxidation  products  were  also  characterized  by  their  chromato¬ 
graphic  mobilities  and  chemical  reactivities  toward  the  spray  reagents. 

Quantitative  .Methods.  .\11  enzymatic  activity  was  assayed  by  measurements  of  the 
steroid  product  produced.  Products  containing  the  a-ketol  side  chain  were  chromato¬ 
graphed  on  paper,  sprayed  with  Blue  Tetrazolium  and  the  resulting  colored  diformazan 
determined  by  a  modification  of  the  method  of  Cope  and  Hurlock  (9)  in  which  ethyl  ace¬ 
tate  was  substituted  for  hydrochloric  acid  in  the  eluting  solvent.  17- Ketosteroids  were 
determined  by  elution  from  chromatograms  and  application  of  the  Wilson  micro-Zim- 
mermann  procedure  (10).  Protein  was  assayed  by  the  turbidometric  method  of  Kunitz 
(11). 

.\ucleotide  Pyrophosphatase  Treatment  of  Microsomes.  Fourteen  milligrams  of  washed 
microsomal  protein  suspended  in  12  ml.  of  0.05  M  sodium  phosphate,  pH  7.1  were  incu¬ 
bated  for  10  minutes  at  37“  C  with  1.5  mg.  of  dried  rattlesnake  venom  (Crotalus  ada- 
manteus,  Ross  .\llen’s  Reptile  Institute,  Silver  Springs,  Florida).  The  suspension  was 
cooled  and  the  microsomes  were  sedimented  at  105.000  g.  for  1  hour  and  stored  at  — 10“  C. 
Prior  to  incubation,  pyrophosphatase-treated  microsomes  were  washed  in  0.05  M  gly¬ 
cine,  pH  8.8,  0.001  M  EDTA. 
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EXPERIMENTAL  AND  RESULTS 

Metabolic  Acliritics  of  Human  Tissues  and  Characterization  of  Reaction 
Products 

Tlie  metaliolic  transformations  of  cortisone,  cortisol,  and  tetraliydro- 
cortisone  oliserved  with  preparations  of  luiman  liver  and  placenta  are  listed 
in  Table  1.  The  characterization  of  the  products  is  described  belo\v. 

od-Dihi/drocortisone  was  characterized  by  its  mobility  in  system  I,  its 
reduction  of  Blue  Tetrazolium,  its  lack  of  absorption  of  ultraviolet  light,  its 
distinctive  reddish  reaction  with  the  Zimmermann  reagent  and  by  its 
oxidation  by  bismuthate  to  a  product  corresponding  to  o(3-androstane- 
8,1 1,17-trione  in  mobility  in  system  II  and  in  its  reactivity  toward  the 


'PaBI.K  I.  -MkTABOLISM  ok  ADKKNOCOHTICAI,  STEKOIDS  by  Hl'MAX  TISSI  ES 


H»‘acti()n 

Tissue 

Preparation* 

l{e<lu<iiou  of  f/rouf) 

Cortisone— *5tI-(liliy(lro('<)rti.<oiH‘ 

Liver 

llonionenate  I 

tied  net  ton  of  ZO-hftone 

Cortisone— *'20-(lihy(lrocortisoiu‘ 
Tetrahydroeortisone— ►eortoloiu' 
Tetrahydroeortisone— »eortolone 

Liver 

Liver 

Plaeenta 

Homogenate  I 
Homogenate  I 
Slices 

Oxidation-reitiiclion  al  poKilioii-d 

Cortisone— ►tetrahydroeortisone 
Tetraliydroeortisone— ►.'id-dihydroeortisone 
Tetrahydroeortisone— *.5.i-dihydr(M‘ortisone 

Liver 

I.iver 

IMaeenta 

Homonenat(‘  1 
Homof'enate  1 1 
Slices 

Oxidaiion-reduvtion  at  poxilioti  11 

Cort  isone  — ►eort  isol 

Cr)rtisol— ►eortisone 

Cortisol  — *eortisone 

Liver 

Liv»“r 

IMaeenta 

Homogenate  I 
llomoKcnate  II 
Slices 

*  I )c“scril)(“(l  in  detail  in  Methods  section  of  text. 


Zimmermann  reagent.  Acetylation  of  the  product  formed  during  incuba¬ 
tions  yielded  a  product  which  had  the  same  migration  rate  as  21-acetoxy- 
o/3-dihydrocortisone  in  system  II  and  which  was  separable  from  the  oa 
epimer. 

20-Dihydroeortisone  had  the  same  mobility  as  17,20(8, 21-trihydroxy-4- 
pregnene-8,ll-dione  (Reichstein’s  Substance  U),  absorbed  ultraviolet 
light,  failed  to  reduce  Blue  Tetrazolium  and  gave  a  positive  test  for  the 
17,20-glycol  structure.  Its  periodic  acid  oxidation  product  correspontled  to 
4-androstene-8,l  1,17-trione  in  mobility  in  .sy.stem  II.  It  also  absorbed 
ultraviolet  light  and  reacted  with  the  Zimmermann  reagent.  Although  the 
incubation  product  corresponded  to  the  20/3-dihydrocortisone  in  its  chrom¬ 
atographic  mobility,  it  is  unlikely  that  the  system  used  is  capable  of 
resolving  the  20a  and  /3  epimers.  Since  the  20a  compound  was  unavailable 
for  comparison,  the  configuration  of  the  product  at  C-20  could  not  be 
established. 
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Cortolonc  had  the  same  mol)ility  as  |S-cortolone  in  system  I.  It  failed  to 
reduce  Blue  Tetrazolium  hut  gave  a  positive  test  for  the  17,20-slycol 
structure.  The  periodic  acid  oxidation  product  corresponded  to  lia- 
hydroxy-.’)(3-androstane-l  1,17-dione  both  in  its  mobility  in  .system  II  and  in 
its  reactivity  toward  the  Zimmermann  reagent.  As  with  the  previous  20- 
hydroxy  compound,  the  configuration  at  C-20  could  not  be  established 
since  2()a  and  (3  epimers  were  unlikely  to  have  been  resolved  and  no  a-corto- 
lone  was  available  for  comparison. 

Telrahudrocorlisone  had  the  correct  mobility  in  .system  I  and  was  dis- 
tinguishal)le  from  the  3a, oa  tetrahydro  derivatives  of  cortisone.  It  did  not 
ab.'^orb  ultraviolet  light  l)ut  reduced  Blue  Tetrazolium.  It  was  converted  by 
bismuthate  oxidation  to  a  product  corresponding  in  its  mobility  in  sy.stem 
II  and  in  its  reactivity  with  the  Zimmermann  reagent  to  3a-hydroxy-r)|8- 
androstane-1 1,17-dione. 

('ortisol  formed  in  incubations  ab.sorbed  ultraviolet  light,  reduced  Blue 
Tetrazolium  and  had  the  same  mobility  in  .sy.stem  I  as  the  standard 
compound.  It  was  converted  by  sodium  bismuthate  oxidation  to  a  product 
corresponding  to  ll/3-hydroxy-4-androstene-3,17-dione  in  chromatographic 
mobility  in  system  II.  This  material  also  ab.sorbed  ultraviolet  light  and 
gave  a  positive  Zimmermann  reaction. 

(Utrlimne  absorbed  ultraviolet  light,  reduced  Blue  Tetrazolium  and 
migrated  at  the  same  rate  as  the  standard  in  system  I.  On  bismuthate 
oxidation  it  was  converted  to  a  product  corresponding  to  4-androstene- 
3,U,17-trione  in  mobility  in  system  II  and  in  reactivity  with  the  Zimmer¬ 
mann  reagent. 

Localization  of  Enzymatic  Activities  in  ('ell  Fractions 

Liver  homogenate  I  (see  Methods  .section)  was  separated  into  micro- 
.somal  and  soluble  fractions.  (Mitochondria  had  been  removed  in  the  initial 
preparation  of  the  homogenate.)  Micro.somes  were  sedimented  at  105,000 
g.  for  1  hour,  washed  once  and  re.suspended  in  fresh  medium  to  the  volume 
of  the  original  homogenate.  The  soluble  fraction  was  the  .supernatant 
solution  remaining  after  centrifugation  of  homogenate  I  at  105,000  g.  for 
2  hours.  Cell  fractions  were  incubated  with  cortisone  at  the  same  time 
under  the  conditions  previously  described  for  the  whole  homogenate.  The 
ring-A  reduction  to  5/3-dihydrocortisone  and  tetrahydrocorti.sone  observed 
with  the  homogenate  preparation  also  occured  in  the  .soluble  fraction,  but 
not  in  the  microsomal  fraction. 

Liver  homogenate  II  was  separated  into  micro.somal  and  .soluble  frac¬ 
tions  in  the  .same  manner  as  was  homogenate  1.  Cell  fractions  were  incu¬ 
bated  with  corti.sol  and  with  tetrahydrocortisone,  at  the  same  time  and 
under  the  .same  conditons  u.sed  for  the  intact  homogenate.  The  distribution 
of  ll/3-ol  dehydrogenase  activity  and  3a-ol  dehydrogenase  activity  among 
the  preparations  is  shown  in  Table  2. 
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'I’aHI.E  ‘1.  1 1  VDKOXYSTEKOIl)  DEM  YI)R()(iE\ ASK  ACTIVITIES  IN  KKAC- 
TIONATEl)  l.l\  ER  IIOMOCEX ATE  II 


1  )(‘(iy(ln)- 

Ketosteroid  formed  (XIO 

-  //mole) 

Suhstrate 

llomofienate 

II 

Micro- 

soinos 

Soluble 

fraction 

1  id-ol 

:w-ol 

('ortisol 

Tet  rally  droeortisone 

7.0 

5.. 5 

18.0 

15.8 

1  .  1 

0 . 8:t 

(.\“11  fniclioiis  were  maintainiMl  at  a  vdIuiiic  <“(iiiivalcnt  to  that  of  the  oriniiial  hoinofteiiate. 
Iiieiihation  eoiiditions  are  deserihed  in  the  text. 


Homogenates  of  placenta  were  made  in  2  volumes  of  ().2o  M  sucrose, 
0.04  M  nicotinamide.  The  total  particulate  material  was  .sedimented  at 
10o,000  K.  for  1  hour,  washed  and  resuspended  to  the  orif^inal  homof>;enate 
volume.  A  soluble  fraction  was  prepared  by  centrifusiiis  the  homogenate 
for  2  hours  at  lOojOOO  g.  and  retaining;  the  clear  supernatant  solution.  Two 
milliliter  alitpiots  of  intact  homogenate  or  homogenate  fractions  were 
buffered  to  pH  S.O  by  the  addition  of  7.5  lufj;.  of  }»;lycine  and  IX  XaOH  and 
incubated  with  2  mg.  of  1)PX  and  250  /xg  of  cortisol  or  tetrahydrocorti.sone 
for  2  hours.  The  distribution  of  Ra-ol  and  ll|3-ol  dehydrogenase  activities 
in  the  placental  fractions  is  given  in  Table  5.  Placental  particulate  matter, 
fractionated  according  to  the  procedures  of  Schneider  and  Hogeboom  (12), 
was  found  to  be  predominantly  microsomal.  Mitochondria,  sedimented  at 
9,000  g.  and  staining  with  Janus  (Jreen,  were  pre.sent  in  only  small  amounts 
and  had  from  1/10-1/80  the  dehydrogenase  activity  of  the  micro.><o- 
mal  fraction. 

Chdracteristirs  of  Microsomal  H ydroxy steroid  Dehudroqe noses 

Cofaetor  Requirements.  The  hydroxysteroid  dehydrogenase  activites  of 
washed  liver  micro.somes  were  determined  with  and  without  the  addition  of 
pyridine  nucleotides.  The  results  are  given  in  Table  4.  Stimulation  of  endog¬ 
enous  micro.somal  activity  by  one  or  both  of  the  nucleotides  was  always 
observed.  In  an  attempt  to  reduce  activity  due  to  endogenous  cofactors  not 
readily  removed  by  washing  or  dialysis,  microsomes  were  pretreated  (see 
.Methods)  with  snake  venom  containing  a  pyrophosphatase  capable  of 
cleaving  bound  nucleotides  (18).  The  results  of  incuabtions  utilizing 


Table  H.  Hydroxysteroid  dkii ydrogenask  acthtties  in  frac¬ 
tionated  I’l.ACENTAL  HOMOGENATES 


l)ohv(lr()- 

K(Miaso 

Ketosteroid  formed  (XIO  ' 

“  /nmole') 

Substrate 

Whole 

homogenate 

Particles 

Soluble 

fraction 

1  Id-ol 
•  Ila-ol 

(.’ortisol 

Tetrahydroeortisone 

0.7 

15.0 

7.2 

10.0 

1  .7 

4.1 

(^‘11  fractions  were  maintained  at  a  volume  ociuivalent  to  that  of  the  original  homoKenate. 
Ineuhation  conditions  are  deserihed  in  the  text. 
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TaBI.K  4.  C'oFACTOR  STIMII,ATI<>.\  OF  M  YDROX  VSTEKOII)  HEM  VI>RO(:F;nASF: 
ACTIVITIES  OF  HIMAV  LIVER  MICROSOMES 


1  )cliy(lrog(‘iias( 

[*  Su  1  >st  ni  tv 

Kotostvroid  formed  (/ig) 

Xo  eofactor 

l)l‘X 

TPX 

aa-ol 

T(*t  rahvdrocortisoiic 

10 

84 

10 

Tvtrahydrocortisoiiv* 

0 

25 

0 

.Viidrostvroiic 

7 

17  ..5 

15 

Aiidro.'itvroiu'* 

0 

25 

la 

I'ltiocholaiiolonv* 

0 

10 

.5 

1  1  J-i)l 

('ortisol 

57 

.55 

.5.5 

Cortisol* 

18 

at) 

.50 

*  IiKMiliatioiis  usiiin  iiiicrosoincs  prctrcatcd  with  snake  venom  nneleotide  pyrophospha¬ 
tase.  .\11  ineiihations  were  earriial  out  at  C  in  2  ml.  0.05  -M  slyeine,  pll  8.8,  0.001  M 
J'iDT.V.  1.5  Mfj.  of  DPX  or  TI’X  was  addeil  per  flask  as  imiieatial.  .\Iierosom(“  protein 
content  varii'd  from  1. 4-4.0  mg.  and  ineuhation  time  from  10-20  minutes  in  the  separate 
experiments  Imt  were  constant  for  ineiihations  with  a  given  substrate. 

venom-treated  mierosomes  are  also  fjiven  in  Talile  4.  lLndog;enous  lld-ol 
deliydrof»:enase  activity  was  greatly  reduced  in  these  preparations.  I'hulojj;- 
enoiis  activity  afj:ainst  da-hydroxysteroids  was  completely  eliminated, 
thus  permitting  the  demonstration  of  an  absolute  recpiirement  for  the 
nucleotide  cofactors. 

Hydroxysteroid  dehydrofj;enase  activity  was  not  observed  with  washed 
placental  micrUsomes  in  the  absence  of  added  pyridine  nucleotides.  In 
incubations  similar  to  those  with  liver  mierosomes  but  carried  out  for 
longer  time  periods,  1)PX  and  TPX  were  eciually  effective  in  promoting  the 
dehydrogenation  of  cortisol  to  cortisone  and  of  tetrahydrocortisone  to 
dihydrocortisone  by  placental  microsome  preparatioms. 

Rcirrsibilitjj.  The  hydroxysteroid  dehydrogenase  activities  of  hepatic 
and  placental  mierosomes  were  also  examined  for  reversibility.  Two  to  four 
milligrams  of  microsome  protein  were  suspended  in  2  ml.  of  O.Oo  M  sodium 
phosphate,  pH  7.1  and  incubated  with  2r)()  /xg  of  steroid  substrate  and 
1.0  mg.  of  DPXH. 

Liver  mierosomes  converted  o/3-dihydrocortisone  to  da,0(3-tetra hydro¬ 
cortisone.  oa-Dihydrocortisone  was  reduced  to  a  mixture  of  :ia,oa-tetra- 
hydrocortisone  and  3/3,oa-tetrahydrocortisone.  o/3-Androstane-.4,17-dione 
and  oa-androstane-:i,17-dione  were  both  converted  to  mixtures  of  3a-  and 
3(3-hydroxysteroids.  Cortisone  was  reduced  to  cortisol  in  incubations  in 
which  the  TPXII  generating  .system  was  substituted  for  DPXH. 

Placental  micro.somes  also  reduced  o/3-dihydrocortisone  to  3a,5/3-tetra- 
hydrocorti.sone.  oa-Dihydrocortisone,  oa-androstane-3,17-dione  and  o/3- 
androstane-3,17-dione  were  all  reduced  only  to  3(3-hydroxy  products. 

Substrate  Requirements.  Mierosomes  from  both  liver  and  placenta  .showed 
3a-ol  dehydrogenase  activity  again.st  tetrahydrocortisone,  tetrahydro- 
cortisol,  |8-cortolone,  3a,l  l(3-dihydroxy-o/3-androstane-17-one,  etiocholano- 


Juli/.  1U61 


c ’( )  irr  1  ( ’( )s  r  i  ;  H  ( )  X  i-:  ^  1 1  rr  a  ho  l  i  s  m 


lol) 


lone  and  androsterone.  ll/i-ol  Dehydrogenase  activity  against  cortisol, 
tetrahydrocortisol,  1  lj8-hydroxy-4-androstene-d,17-dione,  and  da,ll|d-dihy- 
droxy-0|3-androstane-17-one  was  also  demonstrated.  Liver  inicrosomes 
also  oxidized  the  H/:3-hydroxyl  groups  of  Hi3-hydroxy-"))3-androstane-17-one, 
3/3-hydroxy-oa-androstane-17-one,  and  H/i,17,21-trihydroxy-oa-pregnane- 
1 1,20-dione.  Placental  inicrosomes  possessed  3(3-ol  dehydrogenase  activity 
against  3d-hydroxy-oa-androstane-17-one,  dehydroepiandrosterone,  and 
1 7-hydroxy  pregnenolone. 


DISCUSSION' 

By  measuring  a  decrease  of  ultraviolet  light  absorption  at  210  m/i. 
Heaven  (14)  demonstrated  that  human  liver  slices  could  modify  the  ring  A 
of  cortisol,  corticosterone,  deoxycorticosterone  and  aldosterone.  Homani 
ct  (iL  (lo)  detected  several  polar  metabolites  which  no  longer  absorbed 
ultraviolet  light  after  incubation  of  aldosterone  with  human  liver  homog¬ 
enates  but  these  products  were  not  defined  chemically.  The  ring  A  reduc¬ 
tion  j)roducts  of  cortisone  obtained  in  the  present  study  of  human  liver, 
.■)d-dihydrocortisone  and  tetrahydrocortisone,  both  have  the  configura¬ 
tion  and  are  normal  metabolites  of  cortisone  in  the  intact  human. 

In  contrast,  incubations  of  corticosteroids  with  unfractionated  rat  liver 
preparations  have  yielded  only  .')«  reduction  products  (see  referen(*es  in  1 ). 
Studies  of  the  in  vitro  metabolism  of  progesterone  have  also  revealed  this 
difference  in  ring  A  metabolism  by  livers  of  the  two  species.  Human  liver 
suspensions  produce  progesterone  metabolites  having  predominantly  the 
■)|3  configuration  (Ki),  while  rat  liver  incubations  yield  predominantly  oa 
products  (17).  The  A^-reductase  (o/S)  activity  of  human  liver  does  resemble 
that  of  rat  liver  in  being  located  hi  the  soluble  fraction  of  homogenates 
(18,  19). 

Sex  differences  in  both  the  steric  course  and  rates  of  ring  A  reduction  of 
the  corticosteroids  by  rat  liver  preparations  have  been  reported  (20,  21). 
Limitations  in  tissue  supply  prevented  any  conclusions  as  to  the  influence 
of  this  factor  in  human  liver. 

The  3a-ol  dehydrogenase  activity  against  tetrahydrocortisone  in  human 
liver  was  found  to  be  associated  with  inicrosomes  and  to  utilize  only  I)PX 
as  a  cofactor.  Hat  liver  inicrosomes  are  capable  of  reducing  the  3-ketone  of 
corticosteroids  to  3a-hydroxy  products  but  the  cofactor  reijuirements  for 
this  reaction  have  not  been  established  (IS,  22).  In  addition,  rat  liver 
contains  a  soluble,  relatively  unspecific  3a-ol  dehydrogenase  which  utilizes 
either  DPX  or  TPX  and  which  is  active  against  C19  as  well  as  C  >i  3a:-hydroxy- 
steroids  (23).  Human  liver  microsomes  also  display  3a-ol  dehydrogenase 
activity  against  a  variety  of  steroid  substrates.  However,  the  observation 
that  TPX"  can  replace  DPX  only  in  the  oxidation  of  the  C19  3a-hydroxy- 
steroids  .sugge.sts  that  more  than  one  enzyme  is  responsible  for  the  3a-ol 


KH) 


MEKIS  AND  KNdKL 


Volunii  an 


(leliydrogenase  activity  found  in  these  preparations.  A  dual  nucleotide 
specificity  for  tlie  oxidation  of  androsterone  has  also  been  observed  with 
rat  liver  microsomes  (24). 

With  cortisol  as  substrate,  reversible  ll|8-ol  dehydrogenase  activity  in 
human  liver  re.senibled  that  of  rat  liver  in  its  as.sociation  with  microsomes 
(2o)  and  its  utilization  of  both  I)PX  and  TPN  as  cofactors  (24).  Nuclear 
fractions,  which  in  the  rat  also  contain  ll/3-ol  dehydrogenase  activity  (20), 
were  not  examined  in  the  present  study.  Human  liver  microsomes  exhibited 
dehydrogenase  activity  against  1 1/3-hydroxysteroids  having  either 
:f-keto  or  ring  A  structures  in  both  the  C19  and  C21  .series.  Iliibener 

ct  ill.  (25),  on  the  other  hand,  found  11-ketone  reduction  by  rat  liver 
micro.somes  to  occur  only  with  .substrates  having  the  A^-5-ketone  grouping. 
\\  hether  this  constitutes  a  species  difference  or  is  merely  the  re.sult  of 
different  experimental  technicpies  remains  to  be  established.  Bush  (27)  has 
pointed  out  that  the  occurrence  in  urine  of  1 1-oxygenated  o/S-steroids 
primarily  as  11-ketones  and  1 1-oxygenated  oa-steroids  mainly  in  the  11)3- 
hydroxy  form  implies  some  re.striction  or  preferential  direction  in  the 
interconver.sion  of  saturated  1 1-oxygenated  steroid  pairs  which  is  de¬ 
pendent  upon  the  stereochemi.stry  of  the  A  B  ring  fusion.  While  the 
findings  of  the  pre.sent  study  and  those  of  Iliibener  d  al.  are  compatible 
with  this  interpretation,  neither  study  is  sufficiently  extensive  to  test  this 
hypothesis  adeipiately. 

In  the  studies  on  reversibility,  human  liver  microsomes  reduced  :f-keto- 
steroids  to  5/3-  as  well  as  5a-hydroxy  products.  In  the  presence  of  oxidized 
nucleotides,  5)3-hydroxy-5a-androstane-17-one,  5/3-hydroxy-5/3-andro- 
stane-17-one  and  5/3,17, 21-trihydroxy-5a-pregnane-l l,2()-dione  were  con¬ 
verted  to  5-ketosteroids  by  these  preparations.  Thus  human  liver  micro¬ 
somes  contain  rever.sible  5|3-ol  dehydrogenase  activity  as  well  as  the 
5a-ol  and  ll/3-ol  dehydrogenase  activities  which  were  the  major  subjects 
of  this  study. 

Human  placenta  was  found  to  resemble  liver  in  catalyzing  the  intercon¬ 
ver.sion  of  .secondary  hydroxyl  and  ketone  functions  at  positions  5  and  1 1  of 
cortico.steroids  and  the  reduction  of  the  C-20  ketone  of  .such  compounds. 
No  indication  of  4-ene  saturation  was  obtained  in  these  incubations  al¬ 
though  Pincus  (28)  has  reported  that  this  may  occur  in  the  placenta. 
Cultured  fibroblasts  from  human  uterine  tissue  have  also  been  reported  to 
be  capable  of  1  l)3-ol  oxidation  and  20-ketone  reduction  of  cortisol  (20). 

As  with  liver,  placental  5a-ol  and  1  l|8-ol  dehydrogenase  activities  against 
a  number  of  steroids  were  present  in  microsome  particles  and  required 
pyridine  nucleotides  as  cofactors.  Osin.ski  (50),  studying  placental  11/3-01 
dehydrogenase  in  whole  homogenates  has  also  found  activity  again.st 
corti.sol,  cortico.sterone  and  ll/3-hydroxy-4-androstene-5,17-dione  stimu¬ 
lated  by  DPN  and  TPN. 

5/3-ol  Dehydrogenase  activity  has  previously  been  demonstrated  in 
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human  placenta  usins  the  o-ene  steroids,  dehydroepiandrosterone  and 
prep:nenolone,  as  sul)strates  (Rl,  32).  In  the  present  study,  placental  micro- 
somes  were  found  to  possess  such  activity  and  in  addition  to  resemble 
liver  microsomes  in  exhibit  in}?  reversible  dehydro}?enase  activity  against 
saturated  3|tJ-hydroxysteroids. 

Little  and  coworkers  (33)  have  shown  the  reduction  of  the  2()-ketone 
group  of  progesterone  to  a  2()a-hydroxyl  by  the  soluble  fraction  of  human 
placental  homogenates.  This  reaction  retpiired  TPNII  and  was  inhibited  by 
microsomes.  Since  placental  microsomes  supplemented  with  TPXII  are 
able  to  reduce  the  20-ketone  of  tetrahydrocorti.sone,  it  seems  likely  that 
separate  enzymes  are  responsible  for  the  reduction  of  these  two  compounds. 

Microsomal  fractions  from  human  liver  and  placenta  catalyze  the  dehy¬ 
drogenation  of  a  wide  variety  of  hydroxysteroids.  The  number  of  individual 
enzymes  responsible  for  the  overall  activity  of  these  preparations  remains 
to  be  established.  Attempts  at  solubilization  and  physical  separation  of 
component  enzymes  of  the  microsome  complex  through  the  use  of  acetone, 
butanol,  deoxycholate,  digitonin,  lipa.se,  phospholipase  or  trypsin  treat¬ 
ment  were  unsuccessful.  However,  the  finding  that  cofactor  recpiirements 
vary  with  the  steroid  substrate  .studied  does  suggest  that  a  combination  of 
individual  enzymes  with  restricted  substrate  and  cofactor  recpiirements 
provides  the  relatively  nonspecific  capacity  of  micro.somal  fractions.  In 
evaluating  recpiirements  for  exogenous  cofactors,  pretreatment  of  micro- 
somes  with  snake  venom  containing  a  pyropliosphata.se  capable  of  splitting 
bound  nucleotides  has  been  found  an  effective  means  for  reducing  or 
eliminating  endogenous  cofactors  not  readily  removed  from  microsomes  by 
washing  or  dialysis.  Further  study  of  cofactor-substrate  recpiirements 
combined  with  other  indirect  techni(jues,  .such  as  those  employed  by 
Mcduire  and  Tomkins  (34)  to  demonstrate  multiple  A^-reductase(r)a) 
enzymes  in  rat  liver  micro.somes,  should  give  a  clearer  indication  of  the 
number  and  nature  of  the  individual  hydroxysteroid  dehydrogenase  en¬ 
zymes  present  in  microsome  particles. 

The  overall  pattern  of  corticosteroid  metabolism  by  human  ti.ssues 
demonstrated  in  the  present  study  is  .similar  in  general  outline  to  findings 
from  other  species.  However,  sufficient  differences  have  been  revealed  in 
the  enzymatic  capacities  and  properties  of  tissues  from  different  animals  to 
restrict  the  validity  of  in  vivo  and  in  vitro  correlations  without  regard  to 
species. 
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STUDIES  ON  THE  STATE  OF  INSULIN  IN  BLOOD: 
THE  ROLE  OF  GLUCOSE  IN  THE  IX  VIVO 
DISSOCIATION  OF  INSULIN  COMPLEXES^ 

llABHY  N.  ANTONIADKS,  KAHE  CJUNDERSEN^ 

AND  HUGH  M.  PYLE 

Protein  Foundation  Laboratories,  Jamaica  Plain,  Massachusetts  and  the  Bo,ston 
Dispensary,  and  the  Department  of  Medicine,  School  of  Medicine,  Tufts 
I'niversity,  Boston,  Massachusetts 

ABSTRACT 

Tlie  ratio  of  “free”  and  “bound”  forms  of  insulin  in  the  sera  of  non-dia- 
beties  has  been  examined  both  in  the  fasting  state  and  following  frlueose 
administration.  It  was  found  that  the  predominant  form  of  insulin  in  the  sera 
of  fasting  subjeets  was  in  the  “bound”  form.  Following  l.\\  a<lministration 
of  glueose,  the  “bound”  form  of  insulin  disappc'ared  from  eireulation  whereas 
in  ten  to  twenty  minutes  after  glueose  administration  the  “free”  insulin  in¬ 
creased  markedly. 

These  studies  suggestecl  that  a  rise  of  blood  glucose  in  non-diabetics  “trig¬ 
gers”  a  mechanism  which  results  in  the  dissociation  of  the  “bound”  form  of 
insulin  in  blood. 

Preliminary  studies  in  untreated  diabetics  are  also  jjresented  and  discussed. 

THI']  transport  of  insulin  in  blood  l)y  other  proteins,  and  more  specifie- 
ally  basic  proteins,  has  been  described  in  earlier  reports  (1-7).  It  was 
also  shown  that  a  portion  of  in.sulin  in  blood  is  in  the  ‘‘free”  form,  the 
amount  depending  upon  the  metabolic  state  of  the  individual  .subject  (7). 
The  two  forms  of  insulin  in  blood,  the  “free”  and  the  “bound”  form, 
differ  in  their  biological  properties  in  that  the  “bound”  insulin  exerts  its 
biological  activity  only  after  dissociation  of  the  insulin  from  its  complex 
(4-7).  Di.ssociation  of  blood  insulin  complex(es)  has  been  achiev’ed,  in  vilro, 
In’  incubation  of  serum,  or  purified  blood  insulin  complexes,  with  adipose 
tissue  extracts  (4,  5,  7). 

Studies  on  the  ratio  of  “bound”  and  “free”  insulin  in  the  sera  of  non¬ 
diabetic  subjects  showed  that  this  ratio  does  not  repre.sent  a  purely  physi¬ 
cochemical  equilibrium  between  “bound”  and  “free”  insulin  (7).  It  was 
suggested  that  the  dissociation  of  “bound”  insulin  in  blood  could  be 
affected  by  other  factors,  such  as  tho.se  pre.sent  in  adipo.se  ti.ssue  extracts. 
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The  present  communication  provides  evidence  tiiat  glucose  participates 
in  the  in  vivo  dissociation  of  the  “bound”  insulin  in  blood.  Estimations  of 
the  “bound”  and  “free”  insulin  in  the  sera  of  non-diabetic  subjects  l)efore 
and  after  I.V.  administration  of  glucose  indicate  that  the  rise  of  blood 
glucose  “triggers”  a  mechanism  which  results  in  the  dissociation  and 
subsequent  utilization  of  the  “bound”  form  of  insulin  in  blood.  Preliminary 
data  on  untreated  diabetics  indicate  that  the  rate  of  dis.sociation  of  the 
“bound”  insulin  in  blood,  following  I.V.  administration  of  glucose,  may  be 
.slower  compared  to  that  of  non-diabetics. 

MATERL\LS  AND  METHODS 

Collection  of  Blood  Samples  Before  and  After  I.V.  Administration  of  Glucose:  Six  iioii- 
diabctic  and  two  diabetic  subject.s  participated  in  these  studies.  Each  experiment  was 
begun  in  the  morning,  before  l)reakfast,  and  the  participant  was  fasting  overnight.  About 
100  ml.  of  blood  were  drawn  from  each  fasting  subject  before  the  glucose  administration. 
These  blood  sami)les  were  marked  as  samples  collected  at  “0  time.”  One  half  gram  of 
glucose  per  kg.  of  body  weight  was  injected  intravenously  into  each  volunteer  subject, 
and  blood  samples  (about  100  ml.)  were  collected  at  various  intervals. 

The  blood  samples  were  allowed  to  clot,  and  the  sera  were  separated  by  centrifugation 
at  3,000  r.p.m.  for  thirty  minutes  at  2°  C. 

Extraction  of  “bound"  Insulin:  Each  serum  obtained  before  and  after  I.V'.  administra¬ 
tion  of  glucose  was  passed  through  a  column  (3.5X10  cm.)  containing  30  to  35  ml.  of  a 
cationic  exchange  resin  (Dowex-.50  X8),  in  the  sodium  form,  pH  6.4 +  0.2.  This  resin  is 
shown  to  absorb  onjy  the  “bound”  form  of  insulin  (1-7).  The  resin  column  was  washed 
with  25  ml.  of  cold  0.15  M  XaCl  and  the  “bound”  insulin,  absorbed  on  the  resin,  was 
eluted  with  25  ml.  of  0.1  X  XH4OH  followed  by  washing,  with  30  ml.  of  cold  distilled 
water.  The  ammonium  hydroxide  eluate  and  the  washes  were  collected  in  a  beaker  con¬ 
taining  4  ml.  of  0.2  X  H2SO4,  adjusted  to  pH  2.0  under  continuous  stirring.  A  single  glass 
electrode  was  immersed  in  the  solution,  and  the  pH  was  controlled  during  the  elution 
with  the  use  of  a  continuous  recording  pH  meter.  The  final  pH  was  adjusted  to  7.0-7. 4 
and  the  eluate.  plus  washes,  (50  to  60  ml.)  was  lyophilized  from  the  frozen  state.  'Fhe  dry 
material  was  dissolved  in  20  ml.  of  cold  distilled  water,  and  the  solution  was  dialyzed 
twice  before  the  insulin  assay,  each  time  against  .500  ml.  of  (ley  and  (ley  bicarbonate 
buffer. 

The  resin  eluates,  representing  the  “bound”  form  of  insulin  in  blood,  were*  e.xamiiu'd 
for  insulin-like  activity  by  the  rat  diaphragm  assay  (8)  in  the  presence  of  rabbit  adipo.se 
tissue.  Adipose  tissue  extracts  have  been  shown  to  dissociate  the  “bound”  insulin  in  vitro 
(4,  5,  7). 

Estimation  of  “Eree"  I nsulin-Like  .Activity:  The  portion  of  insulin-like  activity  assayed 
directly  in  the  sera  was  considered  “free”  insulin.  This  supposition  is  based  on  the  ob¬ 
servation  that  the  “bound”  insulin  is  devoid  of  activity  when  examined  by  the  rat  dia¬ 
phragm  assay  used  in  this  study  (8). 

Insidin  Bioassays  were  carried  out  by  the  diaphragm  assay  as  described  by  V'allance- 
Owen  and  Hurlock  (8). 


RESULTS 

The  re.sults  are  presented  in  Figures  1-8.  The  “l)ound”  insulin  disap¬ 
peared  from  the  blood  of  the  non-diabetic  subjects  10  to  20  minutes  after 
glucose  administration  (Figs.  1-6).  The  “free”  form  of  insulin  ro.se  in 
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Fig.  2.  “Hound”  and  “fret*”  insulin-like  activity  in  the  serum  of  a  non-diabetic 
subjt'ct  before*  and  after  l.V.  admiidstration  of  fijlucost*. 


blood,  following  jiluco.se  administration,  achieving  a  peak  aliovit  10  minutes 
after  the  injection.  The  ri.se  of  “free”  insulin  in  blood,  following  glucose 
administration,  is  attributed,  at  least  partially,  to  the  di.s.sociation  of  the 
“bound”  insulin,  which  is  utilized  subsefpiently  from  the  “free”  state. 

At  40  to  ()0  minutes  after  gluco.se  administration,  small  amounts  of 
“bound”  insulin  reappeared  in  blood,  and  at  the  end  of  4  to  o  hours  the 
ratio  of  “bound”  in.sulin  to  “free”  again  returned  to  pre-glucose  admini.s- 
t ration  levels  (Figs.  5,  0). 
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Fig.  :L  “Hound”  and  “free”  insulin-liko  activity  in  the  serum  of  a  non-dialietic 
subject  before  and  after  I.V.  administration  of  glucose. 

Preliminary  experiments  on  diahetic.s  are  presented  in  Figures  7  and  8. 
The  rate  of  dissociation  of  the  “bound”  insulin  of  the  untreated  diabetic 
(Figure  7),  following  glucose  administration,  is  significantly  lower  com¬ 
pared  to  that  of  the  non-diabetic  subjects.  Figure  8  presents  the  results  of  a 
diabetic  who  di.scontinued  insulin  therapy  four  years  ago.  Although  the 
“bound”  insulin  decreases  following  glucose  administration,  it  does  not 
disappear  entirely  from  circulation.  It  is  interesting  to  note  that  in  the 
fasting  state  (0  time  sample)  despite  an  increased  serum  gluco.se  level 
(207  mg.%)  the  predominant  form  of  insulin  is  the  “bound”  form. 

DISCUSSION 

The  .studies  reported  in  this  communication  pre.sent  a  link  in  the  chain  of 
events  leading  to  the  in  vivo  di.s.sociation  and  subsequent  utilization  of  the 
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Fig.  4.  “Hound”  and  “free”  insulin-like  activity  in  the  serum  of  a  non-diabetic 
subject  before  and  after  I.V.  administration  of  glucose. 
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Fig.  o.  “Hound”  and  “froe”  insiilin-Iiko  activity  in  the  scrum  of  an  untrcatcMl  dia- 
hctic  before  and  after  I.VL  administration  of  Klueose. 

Due  to  a  teehnieal  difficulty  the  10  minute  blood  sainjile  was  not  collected  following 
glucose  administration.  This  sample  usually  illustrates  the  increase  of  “free”  insulin  in 
blood  after  glucose  administration. 

“hound”  insulin  in  blood.  It  is  shown  that  a  ri.se  of  glucose  in  blood  “trig- 
gers”  a  mechanism  which  increases  the  rate  of  dissociation  of  the  blood 
insulin  complex(es).  hiarlier  studies  demonstrated  that  insulin  in  its 
“bound”  form  is  devoid  of  insulin  activity  when  examined  in  vitro  by  the 
rat  diaphragm  assay  under  .specified  conditions  (4-7).  Dissociation  of  the 
insulin  from  its  complex  was  achieved  by  incubation  of  the  in.sulin  com¬ 
plexes  with  adipose  tissue  extracts  (4,  5,  7).  It  was  suggested  that  the 
“free”  insulin  in  blood  represents  the  biologically  active  form  of  insulin  in 


Fig.  b.  “Hound”  and  “free”  insulin-like  activity  in  the  serum  of  a  diabetic  before 
and  after  I.V.  administration  of  glucose. 
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Fig.  7.  “Hound”  and  “fret*”  insulin-liko  activity  in  tlio  scrum  of  an  untreated 
diabetic  Itefore  and  after  I.V'.  administration  of  glucose. 

circulation.  The  “hound”  form  of  insulin  was  sugs^sted  to  serve  for  the 
transport  and  storage  of  insulin  in  blood  in  a  biologically  inactive  form  (7). 

l''xamination  of  the  ratio  of  “free”  and  “bound”  insulin  in  the  sera  of 
non-diabetic  subjects  revealed  that  this  ratio  does  not  result  from  a  pure 
physico  chemical  eciuilibrium  (7).  It  was  speculated  that  the  rate  of  disso¬ 
ciation  of  the  “bound”  form  of  insulin  in  vivo  could  be  affected  by  other 
factors  possibly  similar  to  those  found  in  the  adipo.se  ti.s.sue  extracts. 

The  studies  presented  in  this  report  suggest  that  a  mechanism  “trig¬ 
gered”  by  the  blood  gluco.se  levels  could  be  respon.sible  for  the  in  vivo 
dissociation  of  the  insulin  complexes  in  blood.  It  is  unlikely  that  the  rise  of 
blood  glucose  itself  res\ilts  in  the  dissociation  of  the  insulin  complexes. 


injected  I.V  Time  in  Minutes  of  Blood  Collection  Following 

I.V  Injection  of  Glucose 

Fig.  S.  “F-ouiid”  iiud  “fret'”  iusuliii-likc  activity  in  the  serum  of  a  diaitetie  subject 
bt'fore  and  after  I.V.  administration  of  glucose. 
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Control  experiments  show  that  insulin  complexes  incubated  with  rat 
diaphragm  in  the  presence  of  as  much  as  800  mg%  glucose  are  devoid  of 
insulin  activity  in  the  absence  of  adipose  tissue  extracts.  The  elevation  of 
blood  glucose  possibly  stimulates  and  activates  a  mechanism  which  in  turn 
affects  the  rate  of  dissociation  of  the  blood  insulin  complexes. 

The  presence  of  insulin  complexes  in  the  blood  of  diabetic  subjects  under 
insulin  therapy  was  described  and  discussed  in  an  earlier  report  (4).  It  was 
suggested  at  that  time  that  these  diabetics  probably  could  not  utilize 
insulin  in  its  complex  form,  thus  requiring  insulin  therapy.  Preliminary 
studies  in  diabetics  presented  in  this  communication  show  the  presence  of 
“bound”  insulin  in  their  blood.  Although  the  blood  glucose  levels  of  these 
diabetics  is  elevated,  in  the  fasting  state,  the  predominant  form  of  insulin 
in  their  blood  is  the  “bound”  form.  The  rate  of  dissociation  of  the  “bound” 
insulin  in  the  untreated  diabetic  (Fig.  7)  is  significantly  lower,  compared  to 
that  of  the  non-diabetic  subjects,  despite  increased  glucose  levels  following 
glucose  administration.  The  “bound”  insulin  of  the  diabetic  who  discon¬ 
tinued  insulin  therapy  (Fig.  8)  decreased  10  minutes  after  glucose  adminis¬ 
tration  but  did  not  disappear  from  circulation  even  after  GO  minutes.  From 
these  preliminary  experiments  in  diabetics  one  may  suggest  that  some 
forms  of  diabetes  could  be  related  to  a  malfunction  of  the  dissociation 
mechanism  of  “bound”  insulin  in  blood.  Such  a  malfunction  may  prevent 
the  utilization  of  the  “bound”  form  of  insulin  in  those  diabetics. 

As  it  was  mentioned  in  a  previous  report  (7)  the  values  for  the  “bound” 
insulin  should  be  regarded  as  the  minimum  amounts  of  “bound”  insulin  in 
serum.  Losses  of  “bound”  insulin  may  result  form  the  effort  to  adsorl)  the 
insulin  complexes  on  the  cationic  exchange  resin  (Xa+  cycle)  and  in  turn  to 
elute  and  concentrate  the  individual  preparations. 
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ABSTRACT 

I ntni venous  administration  of  0.25-2  /zg/kK.  body  weight  of  highly  purified 
/J-MSH  increases  for  long  periods  of  time  the  amplitude  of  evoked  mono¬ 
synaptic  i)otentials  in  the  spinal  cord  of  the  cat.  This  is  observed  in  midcol- 
licular  decerebrate  or  barbiturate  anesthetized  animals.  These  ob.servations 
may  be  a  clue  to  a  possible  role  of  |3-MSH  in  the  Mammalia  as  a  neurohumor 
acting  in  the  central  nervous  system. 

The  pre.«5ence  of  the  Melanocyte  Stimulating  Hormones,  a-MSH  and 
/3-MSH,  has  been  well  authenticated  in  the  pituitary  gland  of  several 
genera  of  Mammalia  (1,  2,  3,  4)  including  the  higher  primates  (5)  and 
man  (0,  7,  8).  In  man,  it  has  been  reported  that  the  structure  of  /3-MSH 
differs  from  the  ovine  or  porcine  material  by  the  addition  of  4  amino  acids 
on  the  N-terminus  of  the  cla.ssical  /3-MSH  molecule  (7).  The  physio¬ 
logical  significance  of  these  two  substances  in  the  mammals  is  obscure: 
the  role  that  MSH  plays  in  the  mimetic  changes  of  the  coloration  of  tegu¬ 
ments  and  appendages  in  the  lower  forms  would  not  appear  to  have  its 
replicate  in  the  mammals  and  the  multiplicity  of  metabolic  or  therapeu¬ 
tic  effects  reported  for  “intermedin”  or  unqualified  “melanocyte  stimu¬ 
lating  hormone”  will  remain  of  doubtful  value  and  interest  until  confirmed 
with  the  highly  purified  peptides  a-MSH  and  /3-MSH  now  available. 

Considered  together  the  following  information  was  constructed  into  a 
(somewhat  thin)  working  hypothesis  proposing  that  during  phylogeny,  the 
melanophoretic  hormone  might  have  lost  its  melanocyto-tropism  while 
retaining  or  developing  neurotropic  affinity  for  the  genuinely  nervous 
deriv'atives  of  the  neural  crest,  as  mimetic  processes  became  less  and  less 
important  in  defensive  or  adaptive  mechanisms:  a)  melanophores  are 
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r.  S.  Air  Force,  School  of  Aviation  Medicine,  Lackland  Air  Force  Base,  Te.xas. 

*  Laboratoire  de  Morphologic  exp^rimentale  et  Endocrinologie,  College  de  France, 
Paris. 
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derived  from  neural  crest  (9,  10);  h)  many  drugs  (caffeine,  lysergic  acid 
derivatives,  etc.)  or  substances  of  natural  origin  (serotonin,  cathechol 
amines,  acetylecholine,  etc.)  which  reproduce  or  antagonize  the  effect  of 
MSH  on  the  melanophores  of  amphibians  (11,  and  various  reviews  in  12) 
are  endowed  also  of  some  activity  in  or  on  the  central  nervous  system; 
c)  melanophoretic  activity,  allegedly  due  to  MSH,  is  found  in  extracts  of 
some  parts  of  the  central  nervous  system  (13,  14,  15);  d)  melatonin,  a 
powerful  antagonist  of  MSH  is  found  throughout  the  central  nervous 
system  (16). 

Because  of  the  known  structural  relationships  between  a-MSH  and 
.ACTH  (17)  and  the  recent  observations  that  a-MSH  and  related  peptides 
(a-MSH  analogues)  have  inherent  corticotropic  activity  (18)  and  may  l)e 
converted  by  pituitary  tissue  in  vitro  into  a  material  with  high  ACTH-like 
activity  (Guillemin  and  Schally,  unpublished  experiments),  it  was  proposed 
that  our  efforts  in  the  present  series  of  experiments  should  be  devoted  to  a 
study  of  possiljle  effects  primarily  of  /3-MSH  on  the  central  nervous 
system.  A  note  on  some  of  these  experiments  has  been  presente<l  earlier 
(19). 


M.VTERIALS  AND  METHODS 

Seurophtjsiology.  .\11  exporiments  were  performed  on  adult  eats,  of  either  sex.  liarly 
studies  were  eondueted  on  G  eats  deeply  anesthetized  with  Nembutal;  later  experiments 
were  eondueted  on  eats  deeerebrated  by  midcollieular  seetion,  under  ether  anestliesia 
( 1 7  animals).  The  decerebrate  preparations  were  allowed  to  blow  out  the  anesthetic  for  at 
least  2  hours  before  injeetion  of  sub.stanees  to  be  studied.  The  basic  technique  us(‘d  here 
was  the  electrophysiological  method  first  described  by  Renshaw  (20)  for  the  study  of 
segmental  reflex  activity  of  cat  spinal  cord.  This  preparation  was  chosen  because  of  its 
}?reat  sensitivity  to  j)harmacologic  agents  (21).  The  technique  consists  in  performing  a 
laminectomy  and  cutting  the  dura  mater  so  as  to  expose  the  full  length  of  the  dorsal  and 
ventral  roots  subserving  the  last  lumbar  spinal  segment.  The  ipsilateral  roots  are  then 
severed  distally.  The  dorsal  root  is  mounted  on  a  pair  of  stimulating  electrodes  and  the 
ventral  root  on  a  pair  of  recording  electrodes.  Bright  silver  or  chlorided  silver  electrodes 
were  use<l  indifferently  in  these  experiments.  All  expo.sed  spinal  cord,  sjjinal  roots  and 
surrounding  muscles  are  covered  with  mineral  oil  previously  equilibrated  with  COo  and 
heat(‘d  to  37°  (^.  This  is  accomi)lished  by  making  a  trough  from  the  skin  which  has  been 
cut  in  gaining  access  to  the  spinal  cord  and  filling  the  trough  with  mineral  oil.  During  the 
course  of  the  experiment  the  temperature  of  the  mineral  oil  bath  is  maintained  by  radiant 
heat. 

In  this  preparation,  stimulation  of  a  dor.sal  root  gives  rise  to  a  ventral  root  potential 
which  is  temporally  dispersed  as  a  function  of  the  velocity  of  nerve  fiber  conduction  and 
the  number  of  synapses  contributing  to  total  synaptic  delay  time.  Therefore  by  appro- 
|)riate  disi)lay  of  the  evoked  ventral  ro()t  potential,  one  can  readily  distinguish  mono¬ 
synaptic  activity. 

Stimulation  of  the  dor.sal  roots  in  these  experiments  was  provided  by  a  biphasic  stimu¬ 
lus  delivered  at  a  frequency  of  less  than  1  c.p.s.  (generally  0..5  c.p.s.).  The  i)r(“c>.se  fre¬ 
quency  used  was  determined  individual!}’  for  each  experiment  in  order  to  jjrovide  the 
greatest  reproducibility  of  the  ventral  root  potential.  The  amplitude  and  duration  of  each 
pul-se  was  adjusted  so  that  the  ventral  root  potential  remained  between  10%  and  50%  of 
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maximal  for  the  monosynaptic  potential  (typical  settings  of  the  stimulator  were:  O.o4  V., 
0.2  msec,  duration  and  0.5  c.p.s.)  Stimulation  was  continued  without  interruption  for 
the  entire  control  period  and  the  duration  of  the  experiment.  Drugs  were  administeri'd 
only  after  the  preparation  had  remained  stable  for  at  least  30  minutes.  Stimuli  wen*  pro¬ 
vided  by  a  Clrass  Stimulator,  (model  S4C)  isolat<‘d  from  ground  by  means  of  a  (Ira.ss 
stimulus  isolation  unit.  The  ventral  root  potential  was  amplified  on  a  Clrass  (model  Po) 
j)reamplifier  and  amplified  and  displayed  on  a  cathode  ray  oscilloscope,  Tektronix  (type 
502)  or  Hewlett  Packard  (model  130  A).  The  displayed  potential  was  recorded  on  photo- 
grajjhic  paper. 

Hormonal  Preparations.  All  substances  inve.stigated  were  injectc(l  i.v.  through  a 
polyethylene  catheter  secured  in  a  femoral  vein.  The  several  preparations  of  oxytocin 
(450  u./  mg.),  lysine-vasopressin  (300  u.  mg.),  a-.MSH  (1.5X10'  u./ mg.)  and  jd-MSH 
(5X10®  u.,  mg.)  used  here  wen*  made  in  this  laboratory  by  A.  V.  Schally  and  R.  N. 
.Vndersen  from  starting  material  of  hog  origin  according  to  methods  described  elsc'when* 
(22).  The  assay  for  melanophoretic  activity  is  the  in  vitro  assay  of  Shizume  et  al.  (23) 
with  minor  modifications  (24);  it  was  u.sed  as  a  4-point  assay  with  some  of  the  original 
MSH  standard  described  by  Shizume  et  al.  (23).  The  various  jin'parations  of  ])uriH('d 
/d-.MSH  were  studied  for  contamination  with  other  j)ituitary  principle's:  the  maximal 
contaminations  found  were:  <1  u.  oxytocic  activity  mg.  /3-MSH,  0.1  u.  vasopressor 
activity/mg.  when  assayed  against  the  I’.S.P.  Posterior  Pituitary  Reference 

Standard.  All  the  expe'riments  reported  here  were  performed  with  solutions  of  id-MSH 
prepared  from  the  lyophilized  powder  1  or  2  hours  before  injection. 

In  several  experiments  blood  pressure  was  measured  from  a  femoral  artery  with  a 
mercury  manometc'r  before*  and  aft(*r  injection  of  /(J-.MSH.  No  anticoagulant  was  us(*d  in 
the  system  (see  below). 

RESULTS 

Identical  re.siilt.s  were  obtained  in  both  nembutalized  and  decerebrate 
cats.  In  18  out  of  21  experiments  in  which  2  mK  hg.,  or  more  of  |3-MSH  were 
injected,  the  mono.synaptic  potentials  were  augmented  (Pig.  1).  This 
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Fig.  1.  Excerpts  from  the  photographic  records  of  one  experiment.  Oscilloscope 
tracings  of  evoked  monosj-naptic  potentials  in  the  spinal  cord  in  the  cat  and  calibrations 
(log-scale  of  the  scope).  Decerebrate  preparation— numbers  under  electrical  tracings 
indicate  hour  of  daj'  (P.M.). 
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enhaiiceinent  of  monosynaptic  activity  following  injection  of  /3-MSH 
action  appeared  after  a  latent  period  of  4  to  8  minutes  and  became  maximal 
in  about  lo-2()  minutes,  lasting  more  than  one  hour.  The  length  of  the 
latent  period  and  duration  of  effects  appeared  to  be  a  function  of  the  dose 
administered.  With  small  doses  the  latent  period  was  more  prolonged  and 
the  duration  of  effects  shorter  than  with  large  doses.  The  minimal  effective 
dose  of  jS-MSH  recpiired  to  produce  this  response  was  approximately  2 
/ig/kg.  Lower  doses  generally  failed  to  do  so  though  in  one  animal,  facilita¬ 
tion  was  observed  after  injecting  0.20  mS  kg.  body  weight.  Larly  results 
indicated  that  the  effects  observed  on  the  spinal  cord  recjuired  larger  doses  of 
/3-.MSH  when  the  solutions  were  prepared  24  hours  or  more,  before  the 
experiment.  Hence  the  decision  mentioned  above  to  use  only  freshly 
prepared  solutions;  no  specific  investigation  of  this  disappearance  of 
activity  of  the  material  when  in  dilute  solutions  was  undertaken  in  these 
studies. 

Doses  of  /3-.MSII  as  high  as  220  mK  kg.  failed  to  produce  convulsions  or 
any  evidence  or  irradiation  to  other  spinal  segments.  Occasionally  poly¬ 
synaptic  activity  was  observed  during  the  height  of  monosynaptic  response. 
Kxperiments  with  decerebrate  preparations  were  undertaken  when  it  was 
observed  that  signs  of  arousal  sometimes  occurred  after  injection  of 
/3-MSH  in  the  animals  under  nembutal  anesthesia. 

When  the  stimulus  applied  was  maximal,  no  changes  of  the  evoked 
potential  were  observed  whatever  the  dose  of  /8-.MSII  injected.  .\lso,  a 
stimulus  originally  capable  of  evoking  a  submaximal  response  was  usually 
found  to  produce  maximal  response  after  administration  of  j8-.MSH. 

Since  vasopressin  and  oxytocin  were  known  contaminants  of  the  samples 
of  /3-MSn  used  here,  vasopressin  and  oxytocin  were  administered  sepa¬ 
rately  or  together  in  doses  ecpial  to  or  greater  than  their  contamination  of 
the  /3-MSII.  In  18  experiments  only  one  showed  an  increase  in  spinal 
activity  of  very  short  duration  (2-8  minutes)  after  vasopressin.  In  8 
experiments  vasopressin  and  oxytocin  were  given  together  in  doses  cor¬ 
responding  to  their  respective  contamination  of  10  /xg  /3-MSH  kg.  body 
weight ;  there  was  no  increase  in  the  size  of  the  spike  potential.  Larger  doses 
of  these  two  peptides  were  not  studied  here. 

Because  of  the  similarity  in  structure  of  /3-.MSH,  a-MSH  and  ACTII, 
and  because  of  the  inherent  melanophoretic  activity  of  these  last  two  com¬ 
pounds,  the  actions  of  a-.MSH  and  ACTH  on  the  spinal  cord  were  studied. 
a-MSH  was  tested  in  five  experiments  and  ACTH  in  three.  The  maxi¬ 
mum  dose  of  a-MSH  administered  was  20  /ug  kg.;  the  maximum  dose  of 
.VCTH  (as  highly  purified  |3-corticotropin  or  corticotropin-A)  was  .50 
Mg  kg.;  there  was  no  evidence  of  any  action  on  the  spinal  cord.® 

’  Effects  similar  to  thos(‘ ot)taiii(‘(l  with  |3-MSH  were  observed  however  in  2  different 
experiments  when  commercial  .XC’TH  jireparations  were  used;  this  may  well  he  explained 
by  contamination  of  the  corticotropin  with  /3-.MSH. 
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In  separate  experiments  with  decerebrate  cats,  |3-MSH  had  no  demon¬ 
strable  action  on  blood  pressure  in  the  dose  ranges  which  modify  activity 
of  tlie  spinal  cord.  Xo  anticoagulant  was  used  in  the  recording  system  after 
it  Avas  found  in  early  experiments  that  the  usual  effects  of  /3-MSH  on  the 
spinal  cord  could  not  be  elicited  even  with  large  doses  of  the  peptide  in  an 
animal  given  manuronate  sulfate  in  preparations  for  blood  pressure  re¬ 
cording. 

DISCUSSION 

These  data  show  that  /3-MSII  potentiates  submaximal  evoked  potentials 
in  the  cat  spinal  cord.  They  do  not  indicate  the  site  of  action  of  the  peptide 
although  it  appears  not  to  be  associated  with  changes  in  systemic  blood 
pressure.  Within  the  limits  of  these  experiments  the  action  of  /3-MSH  was 
not  shared  by  compounds  of  related  structure,  thus  correcting  the  original 
working  hypothesis  of  .some  correlation  between  melanophoretic  activity 
and  effects  on  the  central  nervous  sy.stern. 

The  fact  that  /3-MSH  never  produced  convulsions,  never  changed  the 
evoked  potential  produced  by  maximal  stimulation  (whereas  a  stimulus 
originally  .submaximal  was  usually  found  to  have  become  maximal  after 
administration  of  /3-MSH)  would  suggest  that  one  of  the  possible  roles  of 
/3-MSH  in  the  central  nervous  system  is  to  maintain  and  modify  the 
central  excitatory  .state  of  some  neuronal  systems.  A  considerable  amount 
of  information  cla.ssical  to  neurophysiology  (2.5)  will  have  to  be  available 
before  the  suggestion  presented  above  should  be  considered  as  more  than  a 
tempting  hypothe.sis. 
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ox  A  POSSIBLE  ROLE  OF  /3-MELAXOCYTE  STIMU¬ 
LATING  HORMONE  (fi-MSH)  IN  THE  CENTRAL 
NERVOUS  SYSTEM  OF  THE  MAMMALIA: 
ENZYMATIC  INACTIVATION  L\  VITRO 
OF  /j-MSH  BY  BRAIN  TISSUE^ 

JOHN  M.  LONG,  WILLIAM  A.  KIHVOY  and  ROGER  GUILLEMIN^ 

Department  of  Plit/stiology  and  Department  of  Pharmacologi/  Baylor  University  College 
of  Medicine,  Houston,  Texas 

ABSTRACT 

Incubation  of  ((j-MSH  witli  extracts  of  brain  hauls  to  disappearanco  of  the 
inclanopliorctic  activity.  Tliis  effect  occurs  as  a  losaritliinic  function  of  in¬ 
cubation  time,  is  teinperatun'  and  pH  dei)endant  and  .seenns  tlu'refore  to  be 
due  to  an  (Mizyinatic  inactivation.  Tliis  effect  was  not  ol)serv('d  in  incubating 
/j-MSH  with  extracts  f)f  liv('r  or  muscle  similarly  jjn'pared. 

IN  ONE  of  tlie  cla.s.sios  of  phy.siology  on  the  identity  of  acetylcholine  a.s  a 
chemotransinitter  in  the  nervous  system,  Chang  and  Gaddum  (1)  have 
.set  a  pattern  of  the  various  preretpiisites  that  a  substance  must  meet  to  be 
con.sidered  as  a  possible  neurohumor  endowed  with  physiological  signifi¬ 
cance.  One  of  these  recpiisites  is  the  presence  in  the  nervous  tis.sue  of  an 
enzymatic  system  which  can  inactivate  the  substance. 

The  experiments  reported  here  were  thus  a  natural  sequence  to  our 
earlier  studies  (2),  in  which  a  specific  effect  of  /3-MSII  on  the  nervous  sys¬ 
tem  of  the  cat  had  been  observed. 

M.\TER1ALS  AND  METHODS 

Tissue  extracts.  Organs  (brain,  liver,  muscle)  were  obtained  from  cats  killed  instantly 
by  cervical  dislocation.  Tissue  bomosenat(‘s  w(‘n'  rapidly  pn'pared  with  the  Potter- 
I  Jvejhem  glass  homogenizer  using  ice-cold  frog  Ringer  to  concentrations  of  3.50-550  mg. 
fresh  tissue,  ml.  .\11  the  procedure  was  carried  in  the  cold  room  (0-4°  C). 

.Veetone  pr)wders  of  brain  or  other  tissues  were  prepared  in  the  cold  room  (0-4°  (’)  by 
the  usual  j)rocedure  (ratio  of  acetone  volume  fn'sh  tissue  winglit  =3  1 ;  all  final  j)owders 
ke|)t  in  a  dessicator  over  CaCMj  in  the  cold  room).  For  the  experiments  rej)orted  here, 
aliquots  of  the  acetone  powders  (lalndled  I)  and  Z)  wen*  ground  in  a  small  mortar  with 
cold  frog  Ringer  (1  ml./10-30  mg.  powihw);  the  susi)ension  was  then  sejiarated  in  a  re¬ 
frigerated  centrifuge'  at  4°  ('  for  2  hrs.  at  .5000  r.i).m.;  aliejuots  of  the  sujx'rnatant  were 

Rec('iv('d  I)ecemb('r  21,  1900. 

*  'Plu'se  exi)erim(‘nts  wc'H'  supporte'd  by  funds  from  research  grants  from  the  National 
Institutes  of  Health  (MY-3477,  .V-1270,  A-22.54)  and  Contract  .\F41  (0.57)-224  with  the 
r.  S.  .Vir  Force.  School  of  .Vviation  Medicine,  Lackland  .\ir  Force  Base,  Texas. 
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us(‘(I  for  incubation  witli  equal  volumes  of  solutions  of  /ii-MSH  in  frog;  Ringer,  in  various 
conditions  as  described  below. 

Melanocyte  Stimulating  Hormone.  Highly  purified  /i-MSH  was  prepared  in  this  labora¬ 
tory  by  A.  V.  Schally  and  R.  N.  And(‘rsen  by  a  procedure  described  elsewhere  (3).  One 
single  batch  of  /j-MSH  (AVS-f)-3S)  was  used  in  the  exp(“riments  reported  here;  the  vari¬ 
ous  dilutions  wen*  freshly  i)rei)ared  with  frog  Ringer  for  each  experiment  from  frozen 
aliquots  of  the  original /d-.MSII  stock  solution  (75 /iig  ml.  Ringer),  stored  in  sealed  pyrex 
ami)oules.  Tin*  melanophoretic  activity  of  this  stock  solution  did  not  vary  significantly 
over  the  period  of  these  studies;  in  14  different  controls  distributed  throughout  the  ex- 
])eriim‘nts  the  specific  activity  was  O.S  ±0.04  X 10®  units  mg. 

Method  of  assay.  The  mi'lanoijhoretic  activity  of  tin*  various  experimental  samjjles  was 
asses.s(‘d  in  vitro  by  a  |)rocedure  described  previously  (4)  which  is  essentially  the  method 
of  Shizume  et  al.  (5).  The  mode  of  calculation  of  results  in  this  system  and  the  mathe¬ 
matical  characteristics  of  the  performance  of  this  as.say  as  used  in  our  laboratory  have 
been  reportt'd  (4)  and  will  not  In*  rei)eat(‘d  lu're. 

Incubations.  Tlu'y  W(‘re  all  carried  out  in  a  Dubnoff  metabolic  incubator  in  open  20 
ml.  pyrex  beakers,  in  an  air  athmosi)h('re.  .Vfter  it  was  shown  in  i)reliminary  experiments 
that  incubation  of  |d-MSH  with  brain  extracts  would  lead  to  disappearance  of  the  mel- 
anoplioretic  activity,  conditions  were  determined  which  would  consistently  |)roduce  ca. 
.50%  inactivation.  This  h‘vel  of  50%  inactivation  was  considered  optimal  in  view  of  the 
limitations  of  the  bioassay  with  which  tin*  melanophoretic  activity  was  followed.  With 
these  as  standard  conditions,  effects  of  changes  of  pH,  temperature,  ratio  of  enzyme/ 
substrate  were  then  studied.  \t  the  end  of  the  various  incubation  periods  all  solutions 
were  brought  to  boiling  temperature  for  a  few  seconds,  corrected  to  original  volume  when 
iH'cessary  with  deionized  distilh'd  watc'r  and  jiropc'rly  diluted  for  the  assay  with  frog 
Ringer.  For  study  of  pH  effects,  pH  5.0  was  obtained  by  using  an  acetate-acetic  acid 
buffer.  ])H  1 1 .0  by  using  0.05  M  sodium  carbonate.  Brain  extracts  supernatant  to  be  used 
in  control  samjjles  wen*  h(*at»*d  for  10  minutes  in  boiling  water  at  neutral  pH.  The  various 
(*xperimental  protocols,  which  w(*re  classical  for  this  sort  of  study,  are  described  in  the 
l(*g(*nds  and  inserts  of  Figures  1  to  7  and  in  Table  1.  The  concentrations  of  tissue  extracts 
report(*d  n*fer  to  w(*ight  of  the  original  dry  acetone  j)owders  us(*d  to  prepare  the  extract. 

RESULTS 

He.sults  obtained  witii  tissue  homogenates  were  similar  to  tho.‘<e  obtained 
with  acetone  powders  and  will  not  be  reported  here. 

The  word  enzyme  when  used  below  and  in  the  legends  and  inserts  of 
figures  has  an  operational  value  only  standing  for  brain  extract  and  should 
not  be  construed  as  an  implication  on  our  part  that  we  are  dealing  with  a 
purified  enzyme  preparation. 

Conditions  described  in  Figure  1  were  found  to  produce  consistently 
ca.  50%  inactivation  of  the  melanophoretic  activity  of  the/3-MSH.  These 
were  the  .standard  conditions  u.sed  to  .study  various  factors  upon  the 
iS-MSII-enzyme  system. 

In  the  experiments  reported  in  Figure  2,  a  curve  with  absolute  MSII 
standards  at  2  do.se  levels  was  plotted;  the  results  could  thus  be  expre.ssed 
in  absolute  activity  (MSH  units)  of  the  various  .solutions  of  in  terms  of 
percent  MSH  inactivated  after  the  various  treatments  described  in  the 
insert.  It  can  be  seen  that:  1)  boiling  the  enzyme  preparation  prior  to 
incubation  destroys  its  ability  to  inactivate  /3-MSH;  2)  heating  the  /3-MSH 
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EFFECT  OF  ENZTME  AND 
SUBSTRATE  CONCENTRATIONS 


0  02  04  06  08  to 
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activity  vs  Time  and  concentnation 
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Fig.  1.  EITprt  of  cnzj’mo/ substrate  eoiieentration.  For  calculation  and  significance  of 
A2 'A1  (see  Reference  Xo.  4  and  5). 

Fig.  2.  Inactivation  of  the  enzymatic  activitj'  of  the  brain  twtract  by  heating  in 
boiling  water.  Above,  re.><ults  calculated  in  absolute  values  (MSH  u./m^.);  below,  as 
jiercent  of  MSH  inactivated. 

Fig.  3.  Two  different  experiments  (3499;  3539)  on  inactivation  of  the  enzyme  bj-  heat ; 
the  brain  extract  has  no  direct  melanojihoretic  or  antimelanophoretic  effects. 

Fig.  4.  Enzymatic  activity  vs.  incubation  time.  Three  different  experiments  (3508, 
35.32,  3.544). 

Fig.  5.  Enzymatic  activity  as  a  function  of  incubation  time  and  concentration  of  the 
brain  extract. 

Fig.  1).  Effect  of  tmuperature  on  the  enzymatic  activity  of  the  brain  extract.  Two 
experiments  (3535,  3556)  with  two  different  concentrations  of  the  enzyme. 

Fig.  7.  Effect  of  various  pH  on  the  enzymatic  activity  of  the  brain  extract.  Two 
experiments  (3581,  3584). 
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'I’i.sstif  (“.xtract 

-Meliinoplioretic  activit v 
(^2 /AD* 

Fnzyiualic  activity 
%  .MSH  inactivated 

Brain 

.48  + . 12 

.50 

Liver 

.82±  .()() 

0 

Muscle 

.!)()+  .11 

0 

Ringer 

.81 ± .08 

0 

Iiicuhatioii  of  (750  r./ml.)  with  V'arious  tissues  extracts  (10  mu.,  ml.)  at  ;)7°  O 

for  80  minutes. 

*  See  reference  4  for  computation  and  significance  of  A2/A1. 


solution  in  Hinger  for  1-5  minutes  in  Itoiling  water  does  not  alter  the 
melanophoretie  activity.  Figure  5  shows  similar  experiments  with  essen¬ 
tially  similar  results.  It  shows  further  that  the  brain  extract  has  no 
inherent  melanophoretie  activity.  Figure  4  shows  the  results  of  5  ditferent 
experiments  in  which  duration  of  incubation  time  was  studied  at  57°  C, 
other  conditions  as  described  in  the  insert.  In  all  5  experiments,  the  inactiv¬ 
ation  of  j3-MSlI  occurs  in  a  logarithmic  fashion,  the  greater  part  of  the 
reaction  taking  place  within  the  first  minutes  of  incubation.  Figure  5 
reports  the  effects  of  two  different  concentrations  of  the  brain  extract  on  a 
constant  amount  of  )3-MSII,  at  two  different  incubation  times.  Figure  (i 
shows  that  optimal  activity  of  two  different  brain  extracts  in  two  different 
experiments  was  between  50-40°  C  and  fell  off  sharply  outside  of  this 
range.  The  optimal  pH  to  observe  inactivation  of  /3-MSII  by  the  brain 
extract  appears  to  be  clo.se  to  neutrality  as  shown  in  Figure  7;  this  figure 
shows  also  that  results  were  not  due  to  alterations  of  either  (i-AISII  or 
respon.se  of  the  assay  system  by  changes  in  pH. 

In  conditions  similar  to  tho.se  used  for  brain  extracts,  incubation  of 
/3-MSH  with  extracts  of  liver  or  muscle  led  to  no  disappearance  of  the 
melanophoretie  activity  (Table  1). 

Effects  of  incubation  with  brain  extracts  on  the  neurotropic  activity  of 
the  /3-MSH  were  not  investigated  further  in  this  series  of  experiments  when 
it  was  shown  that  intravenous  injection  of  the  tis.sue  extracts  to  the  cat 
would  lead  to  immediate  decrea.se  of  the  recorded  electrical  activities  of  the 
spinal  cord  preparation;  this  was  accompanied  by  sudden  fall  in  the  blood 
pressure  of  the  animal. 

In  one  experiment  the  brain  extract  (10  mg.  ml.)  was  shown  to  inacti¬ 
vate  the  melanophoretie  activity  of  a  solution  of  a- .MSI!  (5.75  ixg,  1000 
r./ml.)  by  75%. 

DISCUSSION 

The  effects  reported  here  are  best  explained  by  the  pre.sence  in  brain 
extracts  of  .some  enzyme  s>stem  which  is  able  to  inactivate  /3-MSH.  It  was 
not  intended  in  the  present  .series  of  experiments  to  further  purify  and 
characterize  this  enzymatic  system.  Thus  we  have  no  knowledge  about  its 
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(chemical)  specificity,  a  problem  which  does  not  necessarily  have  any 
hearing  on  the  physiological  significance  of  the  effects  observed.  Similarly 
we  have  no  data  on  pharmacological  drugs  as  possible  specific  inhibitors  of 
this  enzymatic  inactivation.  It  is  of  interest  however  that  effects  observed 
were  not  .'^een  with  tissues  other  than  brain,  an  observation  which  would 
also  tend  to  eliminate  blood  as  the  source  of  this  enzymatic  activity.  In 
earlier  studies,  Shizume  and  Irie  (6)  reported  significant  inactivation  of  a 
crude  MSII  preparation  by  homogenates  of  liver,  kidney  and  muscle  from 
dog  origin,  and  less  than  10%  inactivation  by  homogenates  of  brain.  It  is 
difficult  to  compare  their  re.^ults  with  ours  as  the  substrate  enzyme  ratios 
in  their  experiments  were  vastly  different  from  those  used  here.  When 
conditions  similar  to  theirs  were  repeated  by  us,  their  results  were  indeed 
confirmed;  however  the  larger  quantities  of  /3-M8II  relative  to  tissue 
extracts  in  the  incubation  system,  as  in  the  experimental  conditions 
described  here,  led  consistently  to  the  results  reported  in  this  paper.  It 
may  also  be  difficult  to  compare  the  results  obtained  here  with  the  highly 
purified  peptide  to  tho.^e  of  Shizume  and  Irie  using  a  preparation  consider¬ 
ably  less  purified  (1.4x10^  units  mg.). 

At  this  point  it  is  of  interest  to  confront  our  present  knowledge  of  /3-MSH 
with  the  necessary  requirements  for  a  substance  to  be  considered  as  a 
neurohumor  of  possible  phy.siological  .significance.  These  include: 

a.  Identification  of  the  material  in  the  tissue  area  tehere  it  is  thought  to  act. 
Several  reports  have  described  pre.sence  of  melanophoretic  activity  (al¬ 
legedly  due  to  MSH)  in  extracts  of  various  areas  of  the  central  nervous 
system  (.see  2).  Recently,  our  group  has  specifically  characterized  the 
presence  of  /3-MSII  in  the  hypothalamus  of  a  mammal  (hog)  by  its 
chromatographic  mobility  on  an  ion  exchanger  (7)  and  on  electrophoresis. 

b.  A  specific  physiological  effect  7nust  be  directly  attributed  to  the  substance. 
Demon.st ration  of  the  increase  in  amplitude  of  the  monosynaptic  spinal 
potentials  (2)  after  injection  of  minute  quantities  of  /3-MSII  shows  an 
action  of  the  peptide  upon  the  central  nervous  system,  which  was  not 
shared  by  a-MSII,  /3-ACTH,  oxytocin  or  vasopre.s.sin. 

c.  An  enzyme  system  capable  of  inactivating  the  substance  at  its  (likely)  site 
of  action.  The  results  reported  here  are  in  agreement  with  a  similar  explana¬ 
tion. 

d.  There  shoidd  exist  a  specific  antagonist  to  the  action  of  the  substance. 
Lerner  et  al.  (8)  have  isolated  melatonin,  a  potent  antagonist  of  the 
melanophoretic  activity  of  MSII.  The  sub.stance  is  found  in  pineal  extracts, 
throughout  the  central  nervous  system  and  also  in  peripheral  nerves. 
Nothing  is  known,  at  this  time,  about  possible  antagonism  of  melatonin  to 
the  neurotropic  effects  of  /S-MSH. 

These  considerations,  those  developed  in  the  preceding  paper  as  well 
as  the  recent  observations  of  Wright  and  Lerner  (9)  are  in  agreement 
with  the  concept  that  /3-MSH  may  be  a  neurohumor.  It  must  be  remem- 
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l)ere(l  liowever,  tlmt  imicli  of  this  information  relates  to  the  melanophoretic 
activity  of  /3-AISH;  we  have  seen  (2)  that  there  is  no  necessary  correlation 
l)etween  melanophoretic  activity  and  neurotropic  activity  as  a-AISH  does 
not  affect  the  monosynaptic  potentials  of  the  spinal  cord.  Much  of  the 
future  studies  on  this  project  proposing  to  understand  the  significance  of 
J-MSIl  in  the  mammals  will  therefore  have  to  demonstrate  further, 
specific  effects  of  the  peptide  in  the  nervous  system. 
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NOTES  AND  (TOIMENTS 

THK  REHAVIOR  OF  KIDNEY  MITOCHONDRIA  UNDER 
THE  INFLUENCE  OF  ADH 

AHSTKACT 

Mitochondria  were  isolated  by  idtracentrifunation  from  homogenates  of  both 
medidlary  and  cortical  areas  of  dog  kidney.  Tlie  extent  of  i)article  swelling  was 
estimated  by  optical  methods  in  sucrose  solutions.  Mitochondria  isolated  from 
medullary  areas  had  a  much  higher  content  of  osmotically  active  material  than  did 
those  from  cortical  areas  as  determined  by  the  molarity  of  sucrose  in  which  swelling 
failed  to  occur.  Va.sopressin  caused  an  increased  uptake  of  water  in  medullary  > 

mitochondria  as  measured  by  this  method  but  had  no  elTect  on  cortical  mito¬ 
chondria. 

The  Wirz  (1)  countercurrent  theory  to  explain  the  concentrating  activity  of  the 
kidney  tubule  has  been  widely  accejited.  A  j)ortion  of  the  theory  demands  that  the 
medullary  cells  in  the  collecting  ducts  and/or  the  Looj)s  of  Henle  he  hypertonic  with 
respect  to  the  jtlasma  and  to  the  cortical  cells.  It  has  been  i)ostulated  that  .\DH  acts 
upon  this  system  to  “ojjen  jKjres”  in  the  tubules  so  that  water  can  be  transfern'd  from  the  * 
lumen  to  the  interstitial  spaces  by  some  intercellular  or  intracellular  proce.ss.  The  simide 
experiments  described  below  suggest  that  .VDH  may  act  within  the  cells. 

MKTHons 

Kidneys  were  removed  within  seconds  after  the  induction  of  Nembutal  anesthesia  in  dogs  j 
averaging  about  10  kg.  body  weight.  The  kidneys  were  placed  on  ice,  rapidly  s))lit  in  a  sagital 
l)lane  and  the  cortical  and  medullary  tissue  was  removed  with  iris  .scis.sors.  The  two  portions  ( 
were  rapidly  homogenized  with  a  Potter-Elvejhen  homogenizer  iti  0.44  M  sucrose  containitig 
0.029c  Heparin  and  centrifuged  twice  at  1200XgX10'  in  the  S])inco  Model  ultraeentrifuge 
to  remove  nuclei  and  cellular  debris.  The  supernatant  was  then  centrifuged  at  10,000 XgX  10' 
twice  to  sediment  the  mitochondria.  Sami)les  of  the  mitochondrial  pellet  were  taken  to  d«‘t(‘r- 
mine  the  extent  of  contamination  with  other  particles  (2).  .\lmost  jiure  preparations  of  mito¬ 
chondria  were  obtained. 

The  pellet  was  homogenized  gently  in  0.44  M  sucrose  and  diluted  to  give  an  optical  density 
of  0.000  (approx.)  at  520  millimicrons  in  the  1  cm.  cells  of  the  Heckman  DU  spectrophotom¬ 
eter.  The  optical  density  of  the  mitochondrial  suspensions  wen*  compared  on  the  same  original 
preparation  at  the  same  time  and  over  a  30  minute  period  with  and  without  the  a<ldition  of 
10  /ug  of  lysine-vasopressin  (.\1)H).‘  Sonu?  preliminary  attempts  were  made  to  determine  the  t 
osmolarity  of  the  mitochondrial  contents  by  estimating  swelling  in  various  concentrations  of 
sucrose. 


RESULTS 

Results  presented  in  Figure  1  are  typical  of  several  similar  experiments.  Two  observa¬ 
tions  are  immediately  apparent.  The  cortical  mitochondria  do  not  take  up  water  from  a 
0.44  M  solution  indicating  that  this  solution  is  almost  isotonic  with  the  particle.  In  0.2.') 
•M  siicrose  the  i)articles  swell  rai)idlj’  as  indicated  by  a  rapid  decrease  in  optical  density 
and  in  0.00  M  sucrose  the  mitochondria  increase  in  optical  density  indicating  a  loss  of 
compartment  water.  In  distinct  contrast  the  medullary  mitochondria  take  up  watc; 
from  a  0.44  M  sucrose  solution  indicating  a  hypertonicity  of  the  mitochondrial  content 
and  the  concentration  of  sucrose  must  be  raised  to  about  0.00  M  before  they  fail  to  tak 
uj)  water.  The  addition  of  ADH  produces  widely  varying  results  between  the  two  mit( 

Received  October  14,  1960. 

‘  The  lysine  vasopressin  was  kindly  provided  by  Drs.  Schally  and  (luillemin.  Bayh 
University  School  of  Medicine,  Houston,  Texas. 
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Fig.  1.  The  typical  response  of  kidney  and  medullary  mitochondria  in  0.44  M  sucrose 
to  lO/ug  of  lysine  vasopressin  added  in  0.1  ml.  sucrose  to  3  ml.  of  suspension.  The  ADH 
was  prepared  fresh  for  each  experiment  by  susiiending  the  desired  amount  in  the  un¬ 
buffered  sucrose  solution  used  for  the  experiment. 


chondrial  suspensions.  .\1)H  has  almost  no  effect  on  the  cortical  mitochondria.  On  the 
other  hand,  the  uptake  of  water  liy  the  medullary  particles  is  markedly  accelerated  in 
the  jire.sence  of  ADH  and  the  final  ecpiilibrium  rcaclu'd  appears  to  be  at  a  point  where 
the  water  content  of  the  iiarticles  is  greater  than  at  the  normal  eipiilibrium  point. 

These  preliminary  results  do  not  jiermit  generalizations  about  the  action  of  ADH  on 
water  transfer  in  cells  l)ut  they  do  suggest  that  ADH  may  in  some  manner  facilitate 
water  movement.  If  such  were  the  case,  it  would  be  exiiected  that  the  mitochondria 
which  behave  as  osmometers  (3)  would  Ix'  jirovided  with  .some  means  of  ri'gulating  their 
water  transfer  to  that  of  the  cell  as  a  whole.  Otherwi.se,  we  can  imagine  the  mitochondria 
(‘xpanding  and  contracting  within  the  kidney  cell  with  each  alteration  of  water  balance 
in  the  organism.  It  should  Ik*  emiihasized  that  the  mitochondria  may  not  behave  as 
perfect  osmometers  but  in  this  case  mitochondria  from  different  sections  of  the  kidney 
were  compared  in  identical  solutions  so  that  differences  should  be  due  to  the  living  ma¬ 
terial  rather  than  the  susi)ending  media.  These  results  ajipear  to  be  confined  to  the  khlney 
as  liver  and  pituitary  mitochondria  show  no  change  in  water  balance  as  measured  by 
changes  in  optical  density  when  they  are  exposed  to  .\DH. 

.1.  H.  r.  Hkown  and  .\talantk  \.  Pktkas 
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'National  Institutes  of  Health 
Bethesda,  Maryland 
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ADRENAL  (OHTK'OSTERONE  IN  C  MICE  FOLLOWINO  OVARIECTOMY' 


ABSTRACT 

During  the  third  month  after  ovariectomy  there  is  a  consistent  lowering  of 
corticosterone  content  in  adrenals  of  C  (HanK  alhino)  mice,  whether  the  operation 
is  doin'  early  during  the  second  month  of  life  or  at  three  months  of  age.  This  effect 
of  ovariectomy  ujxm  adrenal  corticosterone  content  is  readily  demonstrable  under 
conditions  standardized  for  iieriodieity  analysis,  hut  it  may  be  obscured  if  stand¬ 
ardization  procedures  are  omitted. 

Adrenal  cortieosterono  content  detcnninod  flnorometrically  (1)  is  higher  in  female  C 
mice  than  in  C  males  (2).  If  an  ovarian-adrenal  interaction  contributes  to  such  findings, 
it  can  he  expected — ami  it  was  found — ^that  the  cortico.sterone  coident  of  the  femah' 
adrenal  is  lowered  by  ovariectomy. 


METHons 

C  mice  were  used  for  study.  This  stock  had  bec'n  maintained  by  brother-to-sister  mating 
for  over  18  years  in  the  Division  of  C’ancer  Biology,  Department  of  Pathology,  at  the  Univer¬ 
sity  of  Minnesota.  The  animals  were  ovariectomized  by  a  dorso-lat(‘ral  ajiproach  under  ether 
anesthesia  at  the  ag(‘s  indicati'd  in  Table  1.  The  upper  third  of  the  uterine  tube  was  n'lnoved 
with  the  ovary  and  the  paraovarian  fat  in  a  one-stage  procedure.  Vaginal  smears  on  material 
collected  by  lavage  from  10  sham-operated  and  1(1  ovariectomized  mice  during  the  second 
month  after  operation  wi're  doin'  lu'tween  1600  and  1700,  Monday  to  Friday,  for  2  wei'ks. 


T.\ble  1.  Effect  of  ov.\riecto.\iy  t  ro\  .mirexai.  corticosterone  i.n  C  mice* 


Exp.  No. 

Age  (days) 
at  oper. 
(ajijirox.) 

Days 

IMist-oj). 

(a])])rox.) 

( )per. 
tv  tie 

(X) 

N.  of 
determ. 

(V) 

Content  ^g.  Diffcrenee 

X  + ‘l  SR  ±  1 

St  a  n  da  rdized  cond  it  ion 

I 

37  ■ 

(i2 

O 

5 

.2588  + .0307  . 1065  +  .0437  * 

S 

5 

.3653±  .0311 

11 

37 

83 

o 

5 

.  2203  +.01 60  . 1 707  +  .  0558  * 

s 

5 

.3910  ± .0535 

III 

84 

71 

0 

6 

.2062  + .0201  .1583  ± .0344  ** 

s 

6 

.3645  ± .0266 

Rouliiie  conditions  (nutiirul  lifihtinij) 

IV 

()0 

62 

0 

7 

.2029+  .0114  .03.50+  .0379 

s 

7 

.2379 ± .0361 

'  Sacrifice  at  iiresumed  peak  time  of  rhythm,  midpoint  about  1600. 

®  For  light-.synehronized  periodicity  analysis  (81  (light  from  0600  to  1800);  (X)  0=ovari- 
ectomy,  S  =sham  ojn'ration;  (V)  Each  determination  on  at  least  4  adrenals. 

*  P  significant  below  5%. 

**  P  significant  below  1%. 

Cornified  vaginal  epithelium  was  found  only  in  sham-opc'rati'il  mice.  C^impleteness  of  ovari¬ 
ectomy  also  was  examined  at  autopsy.  Gross  motor  activity  of  .i  ovariectomized  and  5  sham- 
opi'rated  mice  also  was  studied  in  siiecial  actometers  and  its  synchronization  with  a  24-hr. 
light-dark  schedule  was  ascertained  for  both  groups. 

Groups  of  animals  wen'  sacrificed  at  several  jiost -operative  time  points.  Table  1.  Prior  to 
sacrifice,  some  groups,  but  not  all  of  them,  wen'  kept  under  circumstances  standardized  for 
pi'riodicity  analysis  (3).  Whether  or  not  conditions  were  stamlardized,  the  mice  were  sacri¬ 
ficed  consistently  between  1500  and  1700,  i.e.,  at  the  time  of  the  anticipated  peak  of  corti¬ 
costerone  rhythm  (4-8).  Routine  conditions.  Table  1,  refer  to  multiple  housing,  natural  light¬ 
ing,  and  room  temjierature  changing  slightly  with  the  seasons. 

The  adrenals  removed  with  procedures  described  elsewhere  (4)  were  immediately  frozen 
in  dry  ice  and  corticosteroni'  was  determined  by  the  fluorometric  procedure  of  Silber  et  al.  (1). 
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The  uscl'uliu-ss  of  this  relatively  simple  procedure  for  periodicity  anlaysis  and  its  limitation 
with  respect  to  specificity  have  been  discussed  elsewhere  (ti).  Corticosterone  contents  are 
])resented  in  absidute  terms  but  serve  solely  for  inter-jjrou])  eomiiarisons. 

KKSULTS  AND  DISCUSSION 

Three  experiments  done  under  conditions  standardized  for  pm  iodieity  analysis.  Table 
1,  show  a  siffnifieant  lowerinfi;  of  adrenal  corticosterone  content  at  several  months  follow¬ 
ing  ovariectomy.  In  an  additional  study  (routine  conditions,  experiment  IV)  the  inter- 
uroup  diflferenee  in  corticosterone  content  was  of  the  same  si>>;n  as  in  the  standardized 
expeuiments,  but  it  was  not  statistically  significant.  It  seems  likely  that  the  rhythms  of 
cortieosterone  in  different  indivhluals  eonstitutin>>;  a  fniven  group  were  less  closely  syn- 
ehronized  in  jihase  under  routim*  conditions;  hence,  a  greati'r  variability  in  both  groujis 
had  obscured  the  significance  of  the  inter-group  diffi'renee. 

Moreover,  in  much  additional  work  done  by  some  of  us  with  others  on  Ds  (Dilute 
Brown,  subline  8),  Hi  (C57  Black,  subline  1)  as  well  as  C  mice,  corticosterone  contents 
were  invariably  lower  in  ovarieetomized  miei*  than  in  sham-op»'rated  controls  and  tlu'si' 
differences  were  significant  so  long  as  environim'ntal  conditions  were  controlled. 

Tlu'se  results  have  a  bearing,  inter  alia,  uixrn  a  model  of  bri'ast  cancer  in  the  mouse 
induced  by  lu'terotopic  pituitary  isografts  (2,  9-11).  Following  the  latti'r  procedure,  a 
rise  in  adrenal  cortico.sterone  was  found  in  C'-stock  females  during  a  period  from  the  third 
to  the  sixth  month  post-implantation  (2).  Herein,  the  higher  adrenal  corticosterone  con¬ 
tent  of  female  C  mice  as  comiiared  to  males  was  seen  to  be,  at  least  in  |)art.  a  function  of 
the  ovary.  Whether  elevations  of  adrenal  corticosterone  content  after  pituitary  iso¬ 
grafting  (2)  also  involve  ovarian  function  retjuires  further  study,  but  i)reliminary  data 
suggest  that  this  graft  effect  is  significant  in  ovarieetomized  ('-mice. 
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Erhard  Haus  and  Irwin  Kaiskr 
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LONO-TKK.M  KFFIX'TS  OF  MFSCT  LAR  WORK  ON  THE  ADRENAL 
MEDFLLA  OF  THE  .MOUSED 

ABSTRACT 

Albino  niic»‘  were  allowed  to  swim  till  exhaustion  daily  for  30  days.  The  volume 
of  the  adrenal  medulla  and  the  relative  amounts  of  adrenaline-  and  noradrenaline- 
eontainiti!;  tissues  were  measured  planimetrically.  Swimming  caused  an  increase  i 

in  the  volume  of  the  noradrenaline-containinn  medullary  parenchyma  without  'i 

affectiiiK  the  volume  of  the  adrenaline-storing  parejichyma.  This  change  was  i 

reversible  by  one  month’s  rest.  ’  , 

In  the  adrenal  medulla  of  several  inaninialian  species,  including  the  mouse,  there  are  ■ 

two  tyi)es  of  parenchymal  cells,  one  storing  mainly  adrenaline,  the  other  noradrenaline  ■ 

(1-4).  As  far  as  we  know,  the  effect  of  long-term  muscular  work  on  the  two  types  of  i 

adrenomeilullary  cells  has  not  been  investigated  earlier.  In  view  of  the  importance  of  this  ; 

tyiie  of  stimulus  such  a  study  was  performed  and  the  results  are  reported  in  the  present  i 

paper. 

M.\TERI.\L  .\Nn  METHODS  !  I 

The  material  consisted  of  5o  albino  mice.  Of  these.  It,  served  as  controls,  while  the  remain-  1  ■ 

ing  3!t  mice  were  allowed  to  swim  in  warm  (37°  C)  water  daily  (excej)ting  Sumlays)  till  cxhaus-  I  ' 

tion.  This  took  about  40  min.  during  the  first  few  days,  but  increased  with  training  up  to  4  ' 

hours  during  the  last  (4th)  week.  The  total  length  of  the  swimming  period  was  30  days.  Since 
mice  are  able  to  float  on  water  without  moving,  lead  weights  were  attached  on  their  tails.  In  . 

each  swimming  .session  they  were  rescued  just  before  submerging.  However,  25  mice  drowned  I 

and  only  14  mice  surviv'ed  the  30  days  j)eriod.  Seven  of  these  were  killed  24  hours  after  the  .  ; 
last  swimming  day  together  with  7  untreated  controls.  The  remaining  7  swimmers  were  al¬ 
lowed  to  rest  for  a  month;  they  were  then  killed  together  with  0  untreated  controls. 

The  left  adrenals  were  fixed  in  a  dichromate-formalin  mixture,  sectioned  seriallj*,  and  the 
volume  of  the  medulla  was  measunal  planimetrically  (5).  Right  adrenals  were  treated  for  the  i  j 

iodate  reaction  (4)  and  the  relative  volume  of  the  iodate-positive  (noradrenaline-containing)  '  I 

HM'dullary  tissue  wfts  estimated  planimc'trically  from  4  mid-sections  of  each  gland.  1  ! 

RE.SULT.S  j  j 

During  the  one  month’s  swimming  period,  the  e.xperlmental  mice  gained  in  weight  ' 

less  than  the  controls.  During  the  resting  ))eriod  of  another  month  the  body  weight  re¬ 
turned  to  the  same  level  as  that  of  the  controls. 

Table  1  shows  the  (“ffect  on  the  adrenal  medulla.  The  absolute  volume  of  the  medulla 
did  not  differ  significantly  from  that  of  the  corresponding  control  group  in  either  of  the 
exi)erimental  groups.  However,  when  the  medullary  volume  was  expressed  as  mm.®  per 
kg.  of  body  wcdght,  there  was  an  increase  of  about  20%  in  the  mean  volume  of  the  i 
medulla  in  the  grouj)  kilh'd  immediately  aftcT  swimming.  This  change  was  statistically 
significant  at  the  level  P  -^0.03.  ^ 

Both  the  relative  proportion  and  the  ah.solute  volume  of  the  iodate-positive  tissue 
increased  significantly  with  about  40%  during  swimming  (Table  1).  When  calculated  in  ' 
terms  of  liody  weight  (not  shown  in  the  table),  the  increa.se  was  even  greater,  about  75% 
and  more  significant  (/■*  ^0.000,2)  than  the  changt'  in  the  absolute  volume,  shown  in  the 
table.  No  significant  changes  were  observed  in  the  volume  of  the  iodate-negative  tissue,  ^ 
whether  this  was  expressed  as  mm.®  or  in  terms  of  body  weight. 

In  addition  to  the  volume  increase  in  the  iodate-positive  tissue  of  the  mice  killed  after 
swimming,  an  increased  intensity  of  the  iodate  reaction  was  observed  in  the  specific 
medullary  islets.  This  suggests  that  there  was  also  an  increase  in  the  noradrenaline  con¬ 
centration  in  the  cytoplasm  of  these  cells. 
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Table  1.  Effect  of  .swimming  o.n  the  adrenal  medclla  of  the  mocse 


Treatment 

Medullary  | 
volume  (mm.*)  | 

lodate-positive  | 
tissue  ' 

lodate-positive 
tissue  (mm.*) 

Iodate-n« 
tissue  (1 

i'gative 

iiiin.’) 

Controls  (7)‘  1 

Swimming  for  30  days  (7) 

Significance  of  difference  (P)* 

(L. 12.311  0.(I7()3 
0.2<ll  0.042 

15.2  41 

21.7  2.4 

0.004 

0.048  0.012  ! 

0.061  0.000 
0.02 

0.276 

0.228 

0.067 

0.016 

(Vmtrols  (9) 

Swimming  for  30  days,  rest  for  30  days  (7) 
Significance  of  difference  (P) 

;  0.516  0.117 
j  0.414  0.070 

15.1  41 

;  14.1  4.0 

0.(t78  0.(>2(> 

0.061  0.024 

0.418 

0.1.51 

0.100 

0.064 

1  Number  of  animals. 

*  Mean. 

*  Standard  deviation. 

*  Level  of  significance  of  difference  from  the  control  group,  calculated  with  the  f-test. 


There  were  no  sisniheant  (liflferenees  between  any  of  the  variables  measured  between 
the  swimming:  group  killed  after  one  month’s  rest  and  that  of  the  control  group. 

The  results  described  are  different  from  those  obtained  in  a  parallel  study  on  rats  ('(1), 
in  who.se  adrenals  the  volume  of  both  the  adrenaline-  and  the  noradrenaline-storing  parts 
of  the  medulla  increased.  While  this  difference  may  in  part  be  due  to  differences  in  the 
e.xperimental  set  up,  it  is  more  likely  that  the  mode  of  response  of  the  adrenal  medulla  of 
the  mouse  is  different  from  that  of  the  rat  (7,  S). 

().  Eh.anko  and  M.  H.akk()Nkn 
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(IROWTH  HORMONE  AND  FATTY  ACID  MOBILIZATION:  THE  ROLE  OF 
THE  PITITTARY,  ADRENAL  AND  THYROID' 

ABSTRACT 

flrowth  hormone  induces  a  significant  increa.se  in  plasma  free  fatty  acid  (FF.\) 
concentration  when  administered  to  hypojihysectomi/.ed,  adrenalectomized,  and 
thyroidectomized  as  well  as  to  normal  rats.  The  magnitude  of  the  growth  hormone 
effect  is  reduced  in  adrenalectomized  but  not  in  adrenal-demedullated,  thyroidec¬ 
tomized  or  hypophysectomized  animals. 

It  is  now  firmly  established  that  growth  hormone  administration  results  in  the  mo- 
!)ilization  of  nonestcrified  or  free  fatty  acids  (FF.\)  from  adipose  tissue  as  evidenced  by 
increased  plasma  FFA  concentrations  (1,2,  3)  and  increased  release  of  FF.V  from  adipose 
1  issue  tn  vitro  (4).  The  following  .study  was  undertaken  to  investigate  the  influence  of  the 
pituitary,  adrenal  and  thyroid  glands  on  the  fatty  acid  mobilizing  action  of  growth 
hormone. 


Received  February  3,  1961. 

‘  Supported  by  a  grant  .\-3754  from  the  I’.S.R.H.S. 


188 


NOTES  AND  COMMENTS 


Volume  69 


MATERIALS  AND  METHODS 

Mature  female  rats  of  the  Holtzman  and  Charles  River  strains  were  used  in  this  study. 
They  were  given  Purina  lab  ehow  and  water  ad  libitum  until  the  beginning  of  the  experi¬ 
mental  period.  .Xdrenalectomized  rats  were  provided  with  0.9^t  saline  in  addition  to  taj)  water 
and  were  studied  one  week  jiost-operatively.  Saline  was  also  available  to  adrenal-demedul- 
lated  rats  for  the  first  post-operative  week.  Experimentation  on  the.se  animals  was  begun  2 
weeks  after  surgery.  Thyroiileetomies  were  performed  2  months  prior  to  experimentation. 
Hypophyseetomized  rats  were  obtained  from  the  Charles  River  Breeding  Laboratories  and 
were  studied  2  weeks  post-operatively.  These  animals  received  no  dietary  supplements  during 
this  period.  The  completeness  of  hypophj'sectomy  was  verified  by  microscopic  insjM'ction 
of  the  sella  turcica  at  autopsy. 

At  the  beginning  of  each  exiieriment,  all  rats  were  subjected  to  a  12-hour  fast  following 
which  1  mg.  of  porcim**  or  ovine’  growth  hormone  was  administered  intraperitoneally  in  1  ml. 
of  water  adjusted  to  pH  8-9.  Control  animals  were  injected  with  saline.  Six  hours  later,  after  a 
total  fasting  j)eriod  of  18  hours,  the  rats  were  anesthetized  with  ether,  and  blood  for  FF.\ 
analyses  was  collected  from  the  abdominal  aorta  into  heparinized  syringes.  FF.\  determina¬ 
tions  were  made  in  duplicate  on  1  ml.  aliquots  of  jilasma  by  the  method  of  Dole  (o). 


Table  1.  The  effect  of  growth  hormone  on  plasma  FF.\  concentration  in 

NORMAL,  ADRENALECTOMIZEI),  ADRENAL-DEMEDCLLATED,  HYPOIMIY- 
SECTOMIZED  AND  TH YROIDECTOMIZEl)  RATS 


.\nimals 

No.  of  rats 

Plasma  FF.\ 
mE(i/  ml. 

Increment 

/iEq/ml. 

p 

Normal 

Saline 

9 

0.04  -t-o.o:i* 

Porcine  (!.  H.t 

12 

0,91  ±0.04 

+0.27 

<0.01 

Saline 

(i 

0.00-1-0.07 

Ovine  (}.  H. 

() 

1  .04  ±0.09 

+0.:i8 

<0.01 

.\(lrenalectomized 

Saline 

8 

0.44  4-0.05 

Porcine  G.  it. 

4 

0.00  ±0.04 

+0.10 

<0.02 

.\(lrenal-demedullated 

Saline 

a 

0.0:14-0.04 

Ovine  G.  II. 

() 

0.98  ±0.10 

+o.:i5 

<0.01 

Hvjiophvsectomized 

Saline 

() 

o.4:i4-o.o:i 

Porcine  G.  II. 

(> 

0.74  ±0.00 

+o.:h 

<0.01 

Th  v  roi  dec  t  o  mi  zed 

Saline 

10 

0.50  4-0.04 

Porcine  G.  H. 

10 

0.82  ±0.08 

+0.20 

<0.02 

*  Mean  ±  Standard  Error. 

t  .Ml  growth  hormone  injections  given  I.P.  (>  hours  prior  to  sacrifice  (1  mg. /rat). 


RE.SULTS 

(Irowth  hormone  administration  causes  a  significant  increase  in  jilasma  FF.V  con¬ 
centration  in  hypoiihysectomized,  adrenalectomized,  adrenal-demedullated  and  thyroid- 
ectomized  rats  (Table  1).  However,  the  magnitude  of  this  growth  hormone  effect  is  re¬ 
duced  in  adrenalectomized  rats,  although  the  normal  response  to  growth  hormone  ad¬ 
ministration  occurs  in  the  other  groups.  The  fasting  (control)  FA.\  levels  tend  to  lx 
reduced  in  adrenalectomized,  hypophy.sectomized  and  thyroidectomized  rats,  but  not  in 
adrenal-demedullated  animals  (Table  1). 

DISCU.SSION 

The  lipid  mobilizing  effect  of  growth  hormone  and  anterior  pituitary  extracts  (see  ' 
for  review)  has  been  found  by  some  to  be  reduced  or  abolished  in  adrenalectomized  rat 

*  Prepared  and  generously  supplied  by  Dr.  M.  S.  Raben. 

’  Gift  of  the  Endocrinology  Study  Section,  U.S.P.H.S. 


./)////,  1-%‘t 


XOTKH  AND  COMMENTS 


1S9 


as  l>y  (“liangos  in  {•oiuanitration  of  liopatic  lipids  (7,  S.  9)  and  blood  and  urine 

ketones  (9,  10,  11)  but  others  eould  not  demonstrate  an  effect  of  adrenalectomy  on  this 
action  of  growth  hormone  (12.  13,  14,  lo).  The  present  finding  that  the  stimulatory 
action  of  fjrowth  hormone  on  FFA  mobilization  is  rc'duced  by  adnmalectomy  lends  sup¬ 
port  to  th(‘  view  that  the  adrenal  cortex  plays  a  iiermissive  role  in  this  res])onse.  Since 
adrenal-demedullation  does  not  influence  FFA  mobilization  followinf;;  fj;rowth  hormone 
administration,  it  is  chair  that  tin*  absiuici'  of  tlu'  adrenal  cortex  rather  than  the  medulla 
accounts  for  the  reduced  ri'sponse  of  adrenalectomized  rats. 

The  observation  that  hypoifliysectomy  does  not  interferi'  with  the  FFA  mobiliziiifi; 
action  of  jirowth  hormone  is  in  afurei'inent  with  jirevious  findinfjs  in  hypophysectomized 
inonki'ys  (3)  and  rats  (2).  In  addition,  hepatic  fat  accumulation  (lb)  and  ketonemia  (14) 
occur  in  hypoiihysectomizi'd  rats  injected  with  fjrowth  hormone  or  anti'rior  jiituitary 
extract.  Similarly,  thi'  flndiiifi;  that  the  absence  of  the  thyroid  does  not  influence  FFA 
mobilization  in  jjrowth  hormone  treated  rats  is  in  accord  with  earlier  ri'ports  that,  in  the 
rat,  thyroidi'ctomy  does  not  modify  the  ketoffenic  action  of  anterior  jiituitary  extracts 
(9,  14)  althoufih  in  rabbits  (17)  and  dojrs  (IS)  injected  with  sindi  extracts  the  kidonuria 
normally  observed  is  abolished  by  thyroidectomy. 

The  data  jiresented  in  this  communication  support  the  conclusion  that  fjrowth  hor¬ 
mone  can  exert  its  liiiid  mobilizinfj;  action  in  tlii'  absmice  of  the  jiituitary,  thyroid  and 
adrenal  glands,  althou}>:h  in  the  lattim  case  the  resjKmse  to  jirowth  hormone  is  reduced. 

H.  M.  (looi).\i.\N^  .wn  K.  Kxomn 

I )( part  merit  of  Plii/mologn 
Harvard  Medical  School 
lioMon,  Mafisarhusettfi 
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THE  EXIXK'RIXE  SOCIETY 
1902  AWARDS 
Fred  Conrad  Koch  Award 


In  1957  a  fsuhstantial  legacy  was  iHHiueathed  to  the  Society  by  the  late 
I'ilizabeth  Koch  for  the  purpose  of  establishing  the  Fred  Conrad  Koch 
M(‘morial  Fund  in  memory  of  lua-  late  husband,  distinguished  service  pro¬ 
fessor  of  physiological  chemistry  at  the  University  of  Chicago  and  pionec'r 
in  the  isolation  of  the  androg(‘ns.  This  is  to  be  the  highest  honor  of  the 
I'hidocrine  Society  and  is  to  be  represented  by  a  medal  that  is  to  be 
known  as  the  Koch  M(‘dal  of  The  ICndocrine  Society.  The  medal  and 
honorarium  of  S3, 500  is  to  b(‘  given  annually  to  an  individual  for  work  of 
special  distinction  in  endocrinology. 

The  recipient  shall  lx*  chos('n  from  nominations  prc'sented  by  members 
of  the  Society  and  is  limit(*d  to  citizens  of  tlu*  Unit(‘d  States  and  Canada. 
This  award  will  replace  the  Mc'dal  of  tin*  hhulocrim*  Soci(‘ty  which  was 
established  in  1954  and  pres(*uted  to  Dr.  Carl  Moore  in  1955,  Dr.  Frc'derick 
L.  Ilisaw  in  195(),  Dr.  .loseph  C.  .\ub  in  1957,  Dr.  I.  L.  Chaikoff  in  195S, 
Dr.  Wilbur  W.  Swingh*  in  1959,  Dr.  Emil  Witschi  in  1900  and  Dr.  Law- 
son  Wilkins  in  1901.  The  hindocrine  Medal  replaced  the  E.  R.  Scpiibb 
Award  which  was  formerly  the  highest  honor  bestowed  by  the  Society. 
Past  r(‘cipients  of  the  Scpiibb  Award  were  Dr.  (Jeorg('  W.  Corner  in  1940, 
Dr.  Philip  E.  Smith  in  1941,  Dr.  Fred  C.  Koch,  1942,  no  award  was  given 
in  1943,  Dr.  E.  A.  Doisy  in  1944,  Dr.  hi.  C.  Kendall  in  1945,  Dr.  Carl  (). 
Hartman  in  1940,  Drs.  Carl  F.  and  (lerty  T.  Cori  in  1947,  Dr.  Fuller  Al¬ 
bright  in  194S,  Dr.  Ibulxat  Evans  in  1949,  Dr.  C.  X.  H.  Long  in  1950,  Dr. 
J.  B.  Collip  in  1951,  Dr.  .James  11.  Means  in  1952  and  Dr.  David  Marine  in 
1953. 
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The  Ciba  Award 

Th(‘  Ciba  Award,  to  recognize  the  meritorious  accomplishments  of  an 
investigator  who  has  not  attained  his  30th  birthday  by  June  1st  of  the  year 
the  award  is  presented,  in  the  field  of  clinical  or  preclinical  endocrinology,  j 
was  ('stablished  in  1942,  but  no  recipient  was  .selected  in  1942  or  1943.  In  * 
1944  the  Award  was  present(‘d  to  Dr.  E.  B.  Astwood,  1945  Dr.  Jane  A. 
Bussell,  194()  Dr.  Martin  M.  Hoffman,  1947  Dr.  Choh  Hao  Li,  1948  Di. 

Carl  Ilelh'r,  1949  Dr.  (l(*org(*  Sayers,  1950  Dr.  Oscar  M.  Ib'chter,  1951 
Dr.  .\lbert  Sc'galoff,  19.)2  Dr.  Seymour  Lieberman,  1953  Dr.  Sidney  Hob- 
cuts  and  Dr.  Clara  Szc'go  (Mrs.  Rolxuts),  1954  Dr.  Isadon*  M.  Rosenbeif;,  ' 
1955  Dr.  Jack  Cross,  1950  Dr.  Alfrcul  M.  Bongiovanni,  1957  Dr.  Xichohi' 

S.  Halmi,  1958  Dr.  Monte  Arnold  (Ireer,  1959  Dr.  Cordon  L.  Farrc'll,  1909  ^ 

Dr.  Don  H.  Xelson  and  1901  Dr.  Ernst  Knobil.  Prior  to  1952  the  .\ward  ; 

was  .81,200.  It  has  now  been  increased  to  82,500. 

The  Ayerst  .and  the  Squibb  Fellowships 

The  Aycust  Fellowship  was  established  in  1947  and  the  Scpiibb  Fellov  -  ■ 

ship  in  1950.  They  are  designed  to  assi.st  men  or  women  of  exception  1  J 

promise  in  furthering  their  advancmnent  towards  a  carc'er  in  endocrine  -  ; 

ogy.  Each  Fellowship  is  awarded  on  alternate  years  and  the  stipend,  whie  h  j 
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will  not  (“X{*(‘(‘(1  S7,. ■)()()  may  ho  dividod  into  two  F('llowships  in  varying 
amounts  in  accordama'  with  the  (pialifications  of  tin*  appoint('(‘s.  Indi¬ 
viduals  poss(*ssing  tlio  M.l).  or  Ph.l).  (h'gna*,  or  candidates  for  (*itli(‘r  of 
these  d(*gre(‘s,  are  eligihh*  for  appoint nn'in . 

Applicants  must  submit  the  following  information: 

1.  Fvidenee  of  scientific  ability  as  attestcal  by  studi(‘s  eomplet(‘d  or  in 
progr(‘ss. 

1.  Keeommendations  from  individuals  familiar  with  the  candidal and 
his  work. 

A  proposed  program  of  study. 

1.  Acc('ptanc(‘  of  the  individual  by  the  head  of  tin*  (h'partnuait  in  which 
the  Fellowship  will  be  lield. 

.').  .\  statement  that  he  or  slu*  will  serve*  full  time*  if  awanhal  a  Fellow¬ 
ship.  -V  small  amount  of  time  (10  to  lo  per  cent)  may  be  spent  in 
course*  work  eer  participatiem  in  te*aching,  the*  latter  pure*ly  em  a  volun¬ 
tary  basis. 

The  FpjeeHN  Se  Heei.AR  e)F  The  liNi)e)e:ui\E  Se)e’iETY 
'File*  C'ouncil  of  The  h]nde)crine  Se)cie*ty  has  e*stablishe*el  a  cate*ge)ry  e)f 
Sche)lars.  The*se*  grants  have*  be*e*n  maele*  available*  thremgh  the*  ge*ne*rosity  e)f 
the*  Upjeehn  C’'e)mpany,  anel  will  be*  awarele*el  to  an  e*stablishe*el  inve*stigate)r 
e)r  te*ache*r  in  the*  fielel  of  e*nele)crine)le)gy  wlu)  wishe*s  to  e*xte*nel  the*  e)ppor- 
tunitie*s  for  work  e*ither  in  this  country  or  abroael. 

The*  awarel  will  not  e*xce*e*el  S2,r)00  annually  anel  will  be  grante*el  on  the* 
leasis  e)f  proposals  submitte*d  by  the*  applicant.  Such  applications  shenilel 
incluele*  e*stimate*el  financial  ne'e*els.  The*  funels  may  be*  used  feir  travel, 
mainte*nance*  anel  otheu*  e*xpe*n.se*s. 

CITATIONS  Foil  THE  1001  AWARDS 
The  1001  KeecH  Medal 

bawson  Wilkins: 

In  aftectiem  anel  e*ste*e*m,  we*  hail  you  anel  he*re*with  confe*r  upon  ye)u  the* 
highe*st  honor  we*  have*  in  enir  power  to  be*ste)w:  the  Koch  Me*elal  e)f  The; 
Fnele)crine*  Society. 

•Vs  a  forme*r  Pre*sielent  of  this  Se)ciety,  you  know  from  how  ele*ep  within 
us  this  tribute*  comes.  For  in  your  long  but  seemingly  unwearing  ye*ars  e)f 
cnelocrinole)gicaI  stuely  anel  te*aching  you  have  re'aclu'el  us  all. 

Xeuie  of  us  can  fail  to  be  informeel  and  .stimulateel  by  yemr  e*mine*nt 
>^tuelie*s.  Whatever  orele*r  anel  .system  the  peeliatric  e>nelocrinologist  now  has 
he*  owes  to  your  original  eleve*lopment  of  corredated  clinical  anel  biochemical 
analysis  in  this  comple*x  anel,  at  times,  my.stifying  fielel.  A^our  characteriza¬ 
tion  of  the*  variems  patteuns  e)f  thyroiel  eleficiency  in  chilelren  ope*ne*ei  the 
v.ay  to  our  current  knowledge  anel  manage*ment  of  this  elisabling,  yet  re*- 
'  '  rsible  elise*ase  process.  A’ our  incisive  stuely  of  the  disturbe*el  physiology 
"f  the  aelrenogenital  synelrome  le*el  you  to  a  compre*hc*nsion  of  the  several 
'  .trietie*s  of  this  affliction  which  in  turn  has  pre)viele*el  its  victims  with  one* 
f  the  most  effective  therapies  known  to  our  specialty.  A"our  keen  appre*cia- 
.em  of  fundamental  biological  relationships  resting  on  a  firm  founelation 
'  f  embryological  and  anatomical  knowledge  has  enlightened  our  entire 
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view  of  tlio  nature  of  the  disorders  of  gonadal  development  and  function 
wliich  blip:ht  the  l)ody  and  spirit  of  so  many  unfortunate  cliildren. 

And  with  all  th(‘se  monumental  achievements  you  have  hrouKht  to 
your  patients  tin*  comfort  and  assurance  that  can  oidy  la*  p:enerated  by  the 
kindly  concern  of  one  who  is  genuinely  devot(‘d  to  others.  And  this  same 
benevolence  and  interest  refl(*cts  itself  in  the  fiiu'  array  of  that  highly  select 
and  y(‘t  nunna-ous  band  of  younger  nnai  and  women  who  hav(‘  been  priv- 
ileg(‘d  to  call  you  th<*ir  t(*acher.  Vet  all  of  us  int(‘r('st(‘d  in  endocrinology 
through  your  explicit  and  instructive'  writings  have  shanal  in  this  privilege. 

Ib'iice  it  is  only  fitting  that  we  here  collectively,  through  your  own  Endo¬ 
crine  Society,  teiuh'r  you  this  small,  but  to  us  pn'cious  indication  of  our  ' 

gr(*at  indebte'dness  to  you  and  of  our  (*ver  constant  aftection  for  you  j 

Doctor  Lawson  Wilkins!  < 

The  19(51  Ciba  Awaud  I 

I 

Th(‘  19(51  re'cipient  of  the*  Ciba  Award  is  Dr.  hirnst  Knobil,  A.ssistant  ' 
Professor  of  Physiology  in  the*  Harvard  Medical  School.  The*  Ihulocriiu*  j 
Socic'ty  takes  pride  in  adding  his  name*  to  the  roste'r  of  elistinguishe*el  men 
anel  wome*n  upon  whom  this  award  has  be*e‘n  e*e)nfe‘rre*el. 

Dr.  Knobil  was  born  in  Be'i  lin  anel  re'are*el  in  Paris,  where*  he  was  scheK)le*el 
in  the*  ele*maneling  Fre*nch  e*elucational  clime.  Although  he  atte*nele*el  the*  • 
Clauele*  Be*rnarel  Lyce'e*,  it  is  not  like*ly  that  this  circumstance*  launche*el  his 
care*e*r  in  e*xpe*rune*ntat  physiology  in  that  it  was  ne)t  until  some*time*  later 
that  he*  le*arne*el  abe)ut  ('lauele*  Be*rnarel!  He*  was  e*arly  incline*el  to  the  arts  [ 
anel  once*  conte*mplate*el  a  care*e*r  in  archite*cture*.  A  youthful  fling  at  sculp-  ' 

turing  in  a  Xe*w  York  art  school  yie*lele*el  some*  bbje*cts  for  e*xhibit,  but  the*ir  t 

pre*se*nt  fate*  is  obscure*. 

At  age*  1.')  lirnie  e*nte*re*el  the*  School  of  Agriculture*  at  Corne*ll  to  major 
in  animal  husbanelry.  Art  anel  archite*cture*  pale*el  be'fore*  the*  .spe*ctacle*  e)f 
rural  Ame*rica,  which  inspir(*d  him  to  indulge*  in  the*  intricacie*s  of  woe)l 
growing,  he'rd  fatte*ning  and  fle)ck  culling.  That  his  pe*rce*ptive*  powers  we*r(‘ 
challe*ngeel  is  e*viele*nt  from  the*  fact  that  he*  maele*  the*  Live*stock  .luelging 
Team  anel  won  a  numb(*r  of  prize's. 

Afte*r  the*  sophomore*  ye*ar  he*  was  e*alle*el  to  the*  military  anel  assigne*el  te) 
the*  Information  anel  I'ielue'ation  Branch  at  Fort  Dix  as  a  spe*cialist.  He 
came*  to  he*ael  the*  Ineloctrination  staff  anel  with  typical  inelivielual  initiative* 
he*  voluntarily  taught  Fre*nch  anel  (Je*rman  course's  by  night  for  office*rs  ge)- 
ing  ove*r.<;e*as  anel  e*stablishe*el  a  training  course*  for  infejrmation  specialists, 
C'ontact  with  outsiele*  e*elucation  came*  in  the*  form  of  an  assignment  to 
arrange*  for  the*  sche)oIing  e)f  the*  chilelre*n  e)f  camp  pe'rsonne*!  in  ne'ighborinv 
public  schools.  Convine*ing  le)cal  school  boarels  to  accept  more*  .stuele*nts  into 
.sche)ols  alre*aely  ove*rcrowel(*el  and  unele'rstafTe*el  sharpe*ne*el  his  persuasiv  * 
pe)we*rs. 

Afte*r  the*  war  Dr.  Knobil  re*turne*el  to  Corne*ll,  be*nt  on  a  closer  look  a" 
the  .scie'iice's.  His  e*nthusiasm  for  the*  pure*  science's  was  fire*el  by  elistii  - 
guished  scholars  anel  teachers  such  as  Sielne*y  Asde*ll,  (lien  Salisbury  an  1 
Samuel  Le*onarel.  It  was  Aselell’s  course  “The*  Physiology  of  Reproduction  ’ 
that  se'ttleel  the  elirection  of  his  graeluate  work,  which  was  done  in  zoolofi  ' 
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with  Dr.  Leonard.  Courses  with  J.  B.  Sumner  and  Donald  Clriffin  amons 
otlier  campus  notables  deepened  his  scientific  curiosity. 

He  gained  his  postdoctoral  experience  in  research  at  Harvard  with  R.  O. 
Creep  and  associates.  With  Creep  he  spearheaded  the  demonstration  of 
the  sp('cies  specificity  of  growth  hormone  in  primates  and  ther(‘l)y  provided 
the  clue  to  its  successful  use  in  man.  He  has  independently  made  im¬ 
portant  observations  in  the  fields  of  hypophyseal,  adrenal  and  reproductive 
physiology.  Currentl.v,  as  evidenced  by  his  report  at  this  meeting,  he  is  (‘x- 
ploring  avenues  in  cellular  biology  looking  to  the  mechanism  of  hormone 
action  at  the  molecular  level.  More  than  a  talented  investigator.  Dr.  Knobil 
is  a  .stimulating  teacher  and  has  regularly  enjoyed  the  acclamation  of  stu- 
ilents  for  his  orderly  and  dynamic  lectures.  He  is  a  Markle  Scholar  and  a 
member  of  the  Hditorial  Board  of  Endocrinology  and  the  American  Journal 
of  Physiology.  As  Acting  hklitor  of  Endocrinology  for  one-half  year  he  di.s- 
charged  the  responsibilities  of  that  office  with  skill  and  resourcidulness. 

The  fates  of  fortune  have  surrounded  this  young  scholar.  Within  the 
month  he  will,  at  thirty-four  years  of  age  and  as  Prof(‘ssor  and  Chairman 
of  the  D(‘partment  of  Physiology,  occupy  the  Mellon  Chair  in  the  School 
of  M('dicine  at  the  University  of  Pittsburgh. 

Dr.  Knobil,  the  distinguished  recognition  which  comes  to  you  here  as 
n'cipient  of  the  lOfil  '^iba  Award  is  based  on  your  outstanding  achiev(‘- 
inents  in  science.  It  is  in  keeping  with  the  important  responsibilities  in 
ni(‘dical  ('ducation  and  re.search  which  lie  befon*  you.  You  have  th(‘  con¬ 
gratulations  and  welt  wishes  of  this  Society. 

The  Ayerst  Fellowship 

Dr.  .John  Maxwell  McKenzie  is  the  n'cipient  of  the  Ayerst  Fellowship 
for  lOfil,  presented  by  The  Fndocrine  Society  in  acknowledgiunent  of  his 
contributions  to  our  understanding  of  the  pathogenesis  of  Craves’  Disea.se. 
Dr.  McKenzie  was  born  in  Cla.sgow,  Scotland,  on  November  13,  1927. 
His  early  .schooling  and  University  training  w(‘r(‘  all  in  his  native  Scotland. 
He  was  Dux  Mi'dallist  upon  completing  his  .secondary  .school  training  at 
Rothesday  Academy.  He  r(*ceived  the  M.B.,  Ch.B.,  from  the  UniviMsity  of 
St.  .Vndri'ws,  Duiuh'e,  in  19o0.  Dr.  McKenzie’s  post-graduate  training  in¬ 
cluded:  Hou.s('  Surgeon,  Hou.se  Physician,  Maryfield  Hospital,  Dundee; 
As.sistant,  Department  of  Pharmacology  and  Therapeutics,  University  of 
St.  Andrews;  Ib'gistrar,  Maryfield  Hospital.  It  was  during  this  early  phase 
of  his  training  that  he  came  under  the  influence  of  Professor  R.  B.  Hunter 
who.se  enthusiasm  for  re.search  sparked  in  Max  McKenzie  the  desire  to  win 
■1  place  for  him.self  in  Acadiunic  Medicine.  With  this  in  view  he  joined  Dr. 
!'.  B.  A.stwood’s  laboratory  as  a  Research  Fellow  in  hindocrinology.  New 
l.ngland  Center  Hospital,  and  A.ssistant  in  .Mi'dicine,  Tufts  University 
d('dical  School.  He  returned  to  the  Maryfield  Hospital,  Dundee,  as  a 
'!(‘gistrar  for  a  one  year  period  and  once  more  joined  Dr.  F.  B.  A.stwood’s 
lepartment  as  a  Re.search  Associate  in  Medicine,  New  England  Center 
lospital  and  an  Instructor  in  Medicine,  Tufts  LTniversity  Medical  School, 
t  was  during  this  time  that  his  the.sis  for  the  degree  of  M.D.  of  the  Uni- 
ersity  of  St.  Andrews  entitled  “The  Bioas.say  of  Thyrotropin  in  Serum” 


194 


TH1-:  ENDOCRINE  SOCIETY 


Volume  0!) 


was  accepted  and  awarded  Honours  and  tlie  University  Clold  Medal.  In 
10.59  he  joined  the  Kndocrine-Metaholie  Unit  of  the  Department  of  Medi¬ 
cine  and  the  McGill  University  Clinic,  Royal  Victoria  Hospital,  Montreal. 
At  present  he  is  in  charge  of  the  Thyroid  Laboratory,  a  Lecturer  in  Medi¬ 
cine,  McGill  University  and  a  Clinical  .\ssistant  in  the  Department  of 
Medicine,  Royal  Victoria  Hospital. 

Dr.  McKenzie’s  contributions  to  endocrinology  have  been  in  the  field 
of  thyroid  physiology,  particularly  in  the  development  of  bio-assay  tech- 
nicjues  for  T.S.H.  and  the  “Thyroid  activator”  of  hyperthyroidism.  It  is 
with  the  isolation  and  characterization  of  the  latter  factor  that  he  is  par¬ 
ticularly  conceriH'd  at  the  present  time.  The  .\yerst  Fellowship  will  allow 
him  to  sp(‘nd  time  in  the  laboratories  of  Dr.  C.  .1.  ().  Morris  at  the  London 
Hospital,  London,  England,  gaining  further  expcM’ience  in  techniciues  of 
separation  of  protein  and  polypc'ptide  hormones. 

Dr.  McKenzie  is  a  careful  and  able  investigator,  a  competent  physician, 
a  {puet,  amiable  and  humble  colleague.  He  succeeds  in  infusing  a  unique 
(mthusiasm  into  all  those  with  which  he  comes  in  contact,  an  attribute 
which  pc'rmits  his  laboratory  to  accomplish  an  impressive  amount  of  pro¬ 
ductive  work.  The  Awards  Committee  has  every  reason  to  pr(‘dict  that  his 
future  contributions  will  continue  to  reflect  credit  upon  this  Society. 

Upjohn'  Scholars 

The  Upjohn  Scholars  for  lOfil  are  Dr.  and  Mrs.  Wilhelmi. 

Dr.  .lane  Russell  (Mrs.  Wilhelmi)  was  born  in  Los  Angeles.  She  receiv  ed 
her  and  Ph.D.  d(‘grees  from  the  University  of  California  and  .spent  a 
year  of  post-doctoral  study  at  the  Institute  for  Experimental  Biology  at 
B(*rkeley.  In  1938  she  moved  to  Vale  to  continue  her  work  on  the  pituitary. 
It  was  while  at  Vale  that  she  married  Alfred  Wilhelmi.  In  19.50  the  Wil- 
h(‘lmis  moved  to  lOmory  University  where  Dr.  Russell  holds  the  position  of 
.Vs.sociate  Professor  of  Phy.siological  Chemistry. 

In  recognition  of  her  cla.ssic  studies  on  the  role  of  the  adenohypophysis 
in  carbohydrate  and  protein  metabolism.  Dr.  Russell  was  given  the  Ciba 
Award  of  the  Endocrine  Society  in  194.5.  She  is  a  member  of  the  National 
Science  Board,  a  high  honor  indeed,  for  this  body  of  scientists  appointed  by 
the  President  of  the  United  States  is  charged  with  the  respon.sibility  of 
guiding  the  policies  and  operations  of  the  National  Science  Foundation. 

Dr.  Alfred  Wilhelmi  was  born  in  Lakewood,  Ohio.  Following  receipt  of 
his  B.A.  degree  from  Western  Reserve  University,  he  spent  three  years  at 
Oxford  L^niv  ersity  as  a  Rhodes  Scholar.  From  Oxford  he  went  to  Yale,  De¬ 
partment  of  Physiological  Chemistry,  where  he  rose  to  the  rank  of  Associ¬ 
ate  Professor.  In  19.50  he  became  the  Chairman  and  Professor,  Department 
of  Biochemistry,  Emory  University. 

Dr.  Alfred  Wilhelmi  has  made  notable  contributions  in  a  number  o 
areas  including  creatine  metabolism,  parathyroid  hormone,  growth  hor 
mone  and  comparative  endocrinology  of  pituitary  hormones.  As  a  membe’ 
of  the  Endocrinology  Panel  of  the  N.I.H.,  he  has  made  a  most  notabl- 
contribution  to  endocrinology  by  making  available  high  purified  pituitar,' 
hormones  for  metabolic  studies.  Manv’  of  his  fellow  endocrinologists  ar  * 
most  grateful  indeed. 


